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1. INTRODUCTION 

This interim - c'.?, ,a: ~ " e ' : (  r t  c' 1:L.i -13%; 21 <ailed\ information 

on a power conditioning and control system for a cesium bombard- 
L"."" 

ment ion engine, and a thorough technical discussion describing 

the development to date of specific circuitry f o r :  (I) the power 
supplies that provide the arc, vaporizer,,magnet, valve and reser- 

voir heater, power; (2)  the positive and negative high voltage 

supplies that furnish power to the ion beam and accelerator 

electrode; (3 )  the programer that provides the sequencing required 

for operation of the engine; ( 4 )  the instrumentation and signal 
- 

conditioning; and (5) the packaging techniques for laboratory 

test. 

The technical objectives, as outlined in the Statement of 

Work, are as follows: 

The contractor shall: 

A .  Provide €or circuit-design, component selecfion, component 

and circuitry technique evaluation, procurement of  

selected components, zechanical design and thermal 

analysis of a lightweight power conditioning and control 

system, which shall be capable o f  integration with a 

cesium bombardment ion engine developed under Lewis 

.Research Center, Contract No. NAS3-5250, with Electro- 

Optical Systems, I n c .  In the performance of this effort, 

the contractor s h a l l  accomplish the following: 

1) Design a lightweight power conditioning and control 

system t o  operate a cesium bombardment thrustor 

utilizing a solar panel power supply or a simulated 

solar panel power supply as prime power source. 

67 80-IR- 1 1 
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.+> 2) Perform thermal analysis and mechanical design 

associated with the packaging of the electronic 

system design, required by Paragraph A ,  so that 

it will operate at steady state rated level in a 

vacuum. 

3) Perform part selection, utilizing flight type compo- 

nents wherever possible and evaluate circuitry 

techniques and components in the laboratory, as . 
required. 

These technical objectives provide for the design of a light- 

weight and reliable power conditioning and control system which 

' will be operated in conjunction with a cesium bombardment engine 
in a lifetime test of at least 500 hours duratiok. 

Additionally,\this design effort is a part of a joing effort -- 
by NASA, JPL and the A i r  Force t o  establish the feasibility of 

3 R~lar electtic propulsion spacecraft. A s  a result of this 

'-, ':.I onship, the efforts on this program have, as an additional 

dd!sLgn constraint, the requirement to be compatible with the 

overall spacecraft design effort which i s  being carried on in 

parallel at EOS. The technical discussion which follows points 

out areas in which compromises have been required in order to 

best meet both the test constraints and the proper representation 

of a spacecraft electric propulsion system. . 

6 7 80- IR- 1 2 



2. TECHNICAL DISCUSSION 

2.1 Design Considerations 

2.1.1 Engine Interface 

The bombardment engine, developed under Lewis 

Research Center, Contract NAS3-5250, was designed to operate 

steady state at approximately two kilowatts of input power with 

a specific impulse of 6940 seconds. 

currents and input power f o r  the engine functions were tabulated 

in the initial design and development report, dated 31 March 1965. 
Consideration was also given to an additional candidate power 

level of 750 watts. Present discussion, in relation to the cesium 

bombardment engine and the operating point f o r  tests, i L j  ~ c n t c  

that a one kilowatt engine input power levbtl with a 5 

impulse between 4000 and 5000 seconds would be the most 

Negotiations with the Lewis Research Center, in regard to the 

testing of the engine developed under Contract NAS3-5250, have 

resulted in a follow-on ccntzact, No. NAS3-7112, which specifies 

an operating specific impulse of 5000 seconds at 1000 watts of 

engine input power. The engine' input requirements associated 

with this operating point form the basis f o r  the electrical require- 

ments of the power conditioning system and are not incompatible 

with spacecraft design study assumptions. 

The nominal operating voltages, 

.=,*LrJbie. 

2.1.2 Electrical Requirements 

2.1.2.1 Engine 

The enging parameters associated with 

a specified specific impulse of 5000; seconds, engine input power 

of 1000 watts, and an assumed mass efficiency of 91 percent are 
as follows: 

LB 
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FUNCTION SYMBOL ENGINE INPUT 

Accelerating Potential V+ 2.0 KV D,C. 

Accel. Electrode Pot. 

V- Supply Current 
V-t Supply Current 

Beam Current 

Arc Voltage 

Arc Current 

Beam Power 

Drain Power 

Magnet Power 

Arc Power 

Vaporizer Power 

Neutralizer Power 

Total Power 

Specific Impulse 

Mass Efficiency 

Pwr . to7Thr& Rat io  
Thrust 

V- 

I- 
I+ 

Ib 

'a 

Ia 
pb 

'd 

'm 

'a 
pv 

Pn 

P t  

I SP 
Nm 
Kw/lb 

F 

0.6 KV D.C, 
0.0048 Amps. 

0.408 Amps. 

0.403 Amps. 

6.9 VDC 

20 Amps. 

0.806 KW 

0.013 KW 

0.010 KW 

0.138 KW 

0.010 KW 

0 .021  Kw 

0.998 KW 

4990 Seconds 

9 1% 
142.2 watts/mlb 

6.8 mlbs. 

R 

2,1.2.2 Power Conditioning System 

The power conditioning electrical 

requirements are a fynction of the engine input requirements and 

the engine operating characteristics. The parameters tabulated 

represent those  required from the power conditioning system at 

the nominal operating point: 

6780-IR-1 4 



SUPPLY FUNCTION 

+ High Voltage 
- High Voltage 
Arc Supply 

Engine Vaporizer 

Engine Cathode 

Magnet Supply 

Reservoir Heater 

Valve Heater 

Neut. Cathode 

VOLTS 
EO - 

2000 

-600 

6 . 9  

3.94 

8.0 

5.0 

20 

6 

2.8 

.408 

.0048 

20 

2 .54  

10 

2 .o 
8 

9 

2.8 

PERCENT 
REGULATION 

None 

None 

2 5 A  Current 
Limit 

Beam I Reg. 
None 

I 21.0 

None 

None 

None 

f5 

+5 
:1 Volt 

A , C .  

A .C.  

+1 .o 
A . C .  

A .C.  

A , C .  

Neut.  Vaporizer 3.5 3 .5  Beam E Reg. A.C 

Neut. Bias 17 0.5. + lo  T5 .O 

A more detailed discussion o f  each individual supply is included 

in later sections. 

2.1.3 Prime Power Source 

The prime power in this application is to be 

obtained from a solar panel array or an equivalent simulator. 

The output characteristics o f  a solar panel are such that to obtain 

maximum utilization of power output, the load must be properly 

mafched to the solar panel, Otherwise, instabilities and loss 

of regulation can result. 

the prime power source output characteristics places design con- 

straints upon load. Consideration has been given this problem 

and the resulting power conditioning and control system design 

embodies a combination of input characteristics SO that instabilities 

and l o s s  of regulation will not occur, and inefficihcies will 

be minimized. 

The requirement to match the'load to 

6780- IR- 1 5 



2 . 1 . 4  Mechanical Requirements 
- _  

Included in the mechanical design effort is 

the packaging of the electronic system into a configuration so 

:hat t h c  s y s t e n  w i l l  operate steady state in a vacuum environment. 

- h  3 ( rJ : i  L )  ~7 r : + i  ';I 1 c L)<.: urn_d for test purposes will provide 

a c o o l i n g  I h i c h  is closely analogous to space conditions. 

Primary cooling will be accomplished by radiation. A more detailed 
description of the packaging approaches is included in later 

sect ions. 

2.1.5 Environmental Requirements 

The environmental requirements f o r  this power 

conditioning and control systemhave been selected so as to be 

consistent with typical launch and space conditions in the 

laboratory. 

environment has established additional gyidelines for environmental 

requirements. The following environmental parameters have been 

adopted as the environmental design requirements for this system: 

Past ,experience with systems operating in a vacuum 

Atmospheric Pressure - < Torr. 

Temperature Range - 5OoC to + 1 2 5 O C .  

Vibration - 
Random Gaussian - 15 to 200 CPS .03g @ 2 CPS 

Sinusoidal - 
constant sweep for 5 minutes. 

5 - 20 CPS double amplitude 

20 - 400 CPS 10 g 

400 - 1500 CPS 15 €5 
1500 - 3000 CPS - 15 g 

along three mutually perpendicular axis constant 

sweep. From 5 to 3000 CPS in not less than 

45 minutes. 
\ 
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Acceleration - T S  g static acceleration in both 
directions a l o n g  each of two major -. 
thrust axis. Mandatory duration 

10 minutes each direction. 
I 

Shock - 30 g % sine wave 6 millisecs. 
Three times in each of three mutuall.: 

perpendicular axis. 

The actual system to be built for testing 

will not be a flight system and, therefore, not packaged for flight 

vibration, acceleration and shock conditions. However, all com- 

ponents were selected with consideration given to all environmental 

parameters. 

\ 

2.1.6 Parts - Selection and Evaluation 

Components required f o r  the system have been 

selected from the JPL Specification ZPP-2061-PPL-F, High Reliability 
and Preferred Parts lists. In instances of circuit design which 
required components not listed on the above references or for 
which alternates were not available or acceptable, it was necessary 
to select components from other sources. Such selections were 
made with conservative engineering judgement as to maximum 

reliability., safety factors, multiplicity of sources, and general 

flight quality and suitability of each component. 

At such time as actual hardward is developed 
and fabricated, each component in t h l s  class will be re-examined 

for possible replacement by new additions to the reference 

documents, or will be evaluated and tested for continued applica- 

bility in the equipment. 

67 80- IR- 1 7 
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2 . 2  , " E l e c t r i c a l  Design 

2 . 2 . 1  Design Phi losophy 

I n  t h e  des ign  of power c o n d i t i o n i n g  and c o n t r o l  

systems f o r  e l e c t r i c  p ropu l s ion  engines ,  t h e r e  are a number of 

b a s i c  approaches  which can be taken and any of  t h e s e  approaches  

can  be  implemented wi th  a v a r i e t y  of  a c t i v e  c i r c u i t  e lements .  

However, t h e  c h o i c e  of t h e  b a s i c  approach and t h e  a c t i v e  d e v i c e s  

t o  b e  used i s  dependent upon e f f i c i e n c i e s ,  power t o  weight r a t i o s  

and r e l i a b i l i t i e s  t h a t  can be ob ta ined .  These parameters  are used 

as t h e  b a s i s  f o r  s e l e c t i o n  of components and c i r c u i t s .  The major  

design t 8 s k s ' a s s o c i a t e d  wi th  such power c o n d i t i o n i n g  and c o n t r o l  

s y s t e m s  are: power conve r s ion ,  r e g u l a t i o n  and c o n t r o l ,  and program- 

ming. The fo l lowing  paragraphs  l i s t  t h e  r e l a t i v e  mer i t s  of s e v e r a l  

methods of accompl ish ing  each of  t h e  i n d i c a t e d  f u n c t i o n s . a l o n g  with t h e  

method s e l e c t e d  for t h i s  program. 

Three Phase Master Conversion. 

The DC ou tpu t  from t h e  power source i s  conve r t ed  i n t o  t h r e e  phase  

s q u a r e  wave power, which i s  a p p l i e d  t o  an  AC bus .  The s e p a r a t e  

eng ine  f u n c t i o n  power s u p p l i e s  d e r i v e  power from t h i s  AC bus. 

With a t h r e e  phase  system, t r ans fo rmers  can  be used wi th  h igh  mass 

u t i l i z a t i o n  e f f i c i e n c y .  Output c o n t r o l  can be  accomplished 

i n  t h e  t r a n s f o r m e r  p r i m a r i e s  by u s e  of e i t h e r  s i l i c o n - c o n t r o l l e d  

r e c t i f i e r s  (SCR's) o r  s a t u r a b l e  r e a c t o r s .  R e c t i f i c a t i o n  f r e q u e n c i e s  * 

are  h i g h ,  a l l o w i n g  t h e  u s e  of  smal le r  f i l t e r i n g  components. However, 

t h e  c i r c u i t r y  r e q u i r e d  t o  convert: prime DC t o  r e g u l a t e d  t h r e e  phase 

AC becomes q u i t e  complex, and the number o f  components involved  

i s  a p p r e c i a b l e ,  adding  t o  system weight  and  compromising system 

r e l i a b i l i t y .  For t h e s e  reasons ,  t h i s  method i s  no t  cons ide red  

u s a b l e  f o r  t h i s  a p p l i c a t i o n .  

- 
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, 
/ Single Phase Master Co\rruersion. 

/‘ 

All ojthe power required by the system is converted from DC to 
@‘/by a single converter and distributed throughout the system 
. ,  

I ’  in this AC form. In general, primary static conversion $ d i l l  r p c u l t  

‘in high efficiencies, since more efficient use of t -  .\‘ - J -  c - > ,  

transistors and other circuit components is realized I+~.C n t ;iL’ 

design is optimized for conversion only and does not perform 

regulation and control. However, the system imposes restrictions 

for regulation and control of multiple output voltages which 

reduce the advantage in efficiency gained by optimizing conversion. 
In addition, a system designed to deliver a kilowatt of power 

would require switching transistors capable of 18 amperes collector 

current in the steady state condition. Allowing for a 50 percent 

safety factor, this would require at least 50 ampere transistor 

capability. 

in the silicon types and the switching speed capability is also 

limited. For these reasons, this method was not considered usable 

for this application. 

The availability of such devices is extremely limited 

Local Conversion. The primary 

QC power is converted, as required, for operation of the specific 

engine functions at the point of usage. 

the separation of regulation and control in addition to including 

them in the DC to AC conversion step. This design approach is 

extremely u s e f u l  where the system requires separate regulatiqn 

and control of multiple output voltages. However, since in the 

design considered here o n l y  a few of the engine functions require 

regulated outputs. 

This technique allows 

Therefore, a system utilizing only l o c a l  

conversion was not considered an optimum choice. 

Hybrid Conversion. A compromise 

between single phase master conversion and local conversion would, 
in this case, appear most desirable. Using this approach, the s 

merits of both systems can be applied, where needed, to obtain 

the greatest efficiencies and reliabilities. 
tit 

This technique 

67 80- LR-1 9 
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u t i l i z e s  c o n v e r t e r s  t o  f u r n i s h  square  wave AC power f o r  s e v e r a l  

f u n c t i o n s  and a l s o  u t i l i z e s  l o c a l  c o n v e r s i o n .  T h i s  approach i s  

t o  be used i n  t h i s  a p p l i c a t i o n .  

Conversion Frequency. The swi tch ing  

frequency a t  which t h e  c o n v e r t e r s  o p e r a t e  i s  i n  p a r t  dependent 

upon the c a p a b i l i t y  of  switching d e v i c e s  f o r  t h e  "worst  case"  

power demand conditions. 

i s t ics  of a v a i l a b l e  d e v i c e s ,  a long w i t h  t r a n s f o r m e r  l o s s e s  and 

weight  as a f u n c t i o n  of f requency,  i s  r e q u i r e d  t o  select  an 

optimum frequency of o p e r a t i o n  f o r  c o n v e r t e r s .  T h i s  s u b j e c t  

i s  d i s c u s s e d  i n  d e t a i l  i n l a t q  s e c t i o n s .  

Cons idera t ion  of t h e  s w i t c h i n g  c h a r a c t e r -  

2.2.1.2 Regulat ion and Cont ro l  

The merhods of r e g u l a t i o n  and c o n t r o l  

employed can b e s t  be d i s c u s s e d  a t  t h e  p o i n t  of  usage .  S ince  a 

h y b r i d  system of  COnVereion i s  b e i n g  used i n  t h i s  a p p l i c a t i o n ,  

several t y p e s  of re , * : t , - <  t r  . '  4 ' 1  .ol  are used .  These methods 

were s e l e c t e d  i n  'eact' . i: y t ~ r i c .  - 7 , ~ ! ~  

they  are t h e  b e s t  f o r  t h o  f u n c t i o n  t o  be performed. 

.se d e s i g n  e v a l u a t i o n  i n d i c a t e d  

2.2.1.3 Programming 

Eiectric p r o p u l s i o n  engines  r e q u i r e  
* 

t h a t  a p p l i c a t i o n  of power t o  the engine  f u n c t i o n s  occur  i n  proper  

sequence. 

t h e  method used t o  o b t a i n  t h e  p r o g r a m e d  commands. 

r e q u i r i n g  a few c y c l e s  of long term i o n  engine  o p e r a t i o n  w i l l  

u t i l i z e  signals from t h e  v e h i c l e  master programmer/sequencer.  

The local programmer s imula t ing  t h e  s p a c e c r a f t  sequencer  h a s  been 

inc luded  i n  t h F s  system f o r  endurance t e s t i n g  i n  t h e  l a b o r a t o r y .  

T a b l e  I summarizes t h e  engine o p e r a t i n g  requi rements  f o r  each 

phase  sequence.  

D i f f e r e n t  f l i g h t  ,operational requi rements  w i l l  determine 

A f l i g h t  

6780- IR- 1 10 
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2.2 .2  . Low,VoItage Inverter System 

2.2.2.1 General Discussion 

The primary de 

the low voltage inverter system are minimum c3, r i  . ;h~, r u x i r w a  

efficiency and high reliability. A main parameter affecting 

both weight and efficiency is operating frequency. A survey 

of available transistors was conducted using an IBM 1620 digital 
computer to determine the transistor losses as a function of 

frequency (see F i g .  1). In addition, transformer performance 
characteristics have been evaluated over the frequency range 

o f  frm 1 KC to 100 KC. - 
An optimum frequency of operation 

can be determined from an analysis of overall converter losses 
wlth consideration of component weight and size. A s  the operating 

frequency is increased, size and weight of the power transformer 

will decrease, but transistor and X-F losses will increase, 
'*rtawlti& in a trade of size and weight for efficiency. 

* 

1 -  

In the transformer design, a choice 

can be made in selection becween nickel-iron grain oriented a l l o y s  

and ferrite materials. The nickel-iron-alloys, such as Deltamax 

and Orthonol, offer an advantage in weight since they can be 

operated at higher flux deisities than ferrites. In larger sizes 

of  tape wound cores, the thinner gauges of tape are not available 

for operation at higher frequencies. This precludes the use of 

the tape wound cores at frequencies about 10 KC. A preliminary 

investigation was made on transformer core materials f o r  high 

67 80- IR- 1 11 
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r ,  

f requency  o p e r a t i o n .  P l o t s  of c o r e  weight  vs. f requency  and c o r e  

loss  v s .  f requency  were made. These a r e  shown i n  F i g s .  2 and 3 

r e s p e c t i v e l y .  The c o r e  m a t e r i a l s  cons ide red  a r e :  

1. 50 percent  n i c k e l  a l l o y  

2 .  80 percent  n i c k e l  a l l o y  

3 .  Square loop f e r r i t e  

4 .  High f l u x  d e n s i t y  f e r r i t e .  

Examination of F i g .  2 shows t h a t  

t h e  50 p e r c e n t  n i c k e l  a l t o y  m a t e r i a l  h a s  t h e  lowest  c o r e  weight 

f o r  a g iven  f requency .  

care very  much t h e  same a t  any g iven  f requency .  

Core weights  f o r  t h e  o t h e r  t h r e e  m a t e r i a l s  

F e r r i t e s  have t h e  d e f i n i t e  advantage  - 
o f  low c o r e  losses when ope ra t ed  a t  h i g h  frequancy. F i g .  3 shows 

t h e  co re  losses of v a r i o u s  core m a t e r i a l s  as a f u n c t i o n  of f requency .  

The f e r r i t e s  show c o r e  losses t h a t  run  20 p e r c e n t  of t h e  b e s t  

a v a i l a b l e  n i c k e l - i r o n  a l l o y .  Th i s  low c o r e  loss f o r  f e r r i t e  material 

would i n d i c a t e  t h a t  f e r r i t e s  would be t h e  c o r e  m a t e r i a l  of cho ice  

i n  a high f requency  DC-DC c o n v e r t e r .  

Based bn t h e  d a t a  p r e s e n t e d  i n  

F i g s .  2 and 3 ,  a s e l e c t i o n  of t h e  o p e r a t i n g  frequency of t h e  

c o n v e r t e r  should  be made a s  high as p o s s i b l e  c o n s i s t e n t  wi th  

t h e  minimum a l l o w a b l e  losses.  Bes ides  t h e  t r ans fo rmer  c o r e  and 

copper  l o s s e s ,  t h e r e  a r e  t h e  swi tch ing  and s a t u r a b l e  losses of 

t h e  power t r a n s i s t o r s .  

A s e l e c t i o n  of o t h e r  f r e q u e n c i e s  

can a l s o  be made a t  t h e  expense of e f f i c i e n c y  o r  weight .  

f requency  i s  i n c r e a s e d ,  t h e  t ransformer  losses w i l l  i n c r e a s e  

a s  shown i n  F i g .  3 .  I f  t h e  frequency i s  lowered, t h e  weight of 

t h e  transformer w i l l  i n c r e a s e  a s  shown i n  F i g .  2 . 

I f  t h e  
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Since  t h e  maximum recommended o p e r a t i n g  

frequency f o r  t a p e  wound c o r e s  i s  10 KC, t h i s  f requency was s e l e c t e d  

a s  t h e  o p e r a t i n g  frequency.  Use of  a f e r r i t e  c o r e ,  f o r  t h e  same 

c o r e  weight ,  would mean n Erc.\11.riicy or o p e r a t i o n  of 25 KC t o  40 

K C ,  F i g .  2 .  A t  p reb  C ,  1 :L- 

cou ld  be used e f f i c i e n r l y  i n  the L.V, 5r.i~:r: _ -  system. The 

t r a n s i s t o r s  which are  a v a i l a b l e  are  e i t h e r  t o o  slow wi th  t h e  

'i ',+-,I-. :2 a v a i l a b l e  which . *  

reGuired BVceO, o r  i f  the swi tch ing  speed is  adequa te ,  BVceo i s  
low. 

2 . 2 . 2 . 2  C i r c u i t  E v a l u a t i o n  

- 
The low v o l t a g e  i n v e r t e r  system i s  

d i v i d e d  i n t o  t h r e e  s e c t i o n s .  One s e c t i o n  i s  used t o  power t h e  

r e s e r v o i r  and v a l v e  h e a t e r s ,  one t o  supply  r e g u l a t e d  d i r e c t  c u r r e n t  

f o r  t h e  r e g u l a t i o n  and c o n t r o l  c i r c u i t s ,  and t h e  las t  s e c t i o n  

s u p p l i e s  r e g u l a t e d  AC power f o r  t h e  remaining low v o l t a g e  eng ine  

f u n c t i o n s .  

Div id ing  t h e  L.V. i n v e r t e r  s y s t e m  

i n t o  t h r e e  s e c t i o n s  pe rmi t s  h igher  o v e r a l l  e f f i c i e n c y  s i n c e  each 

s e c t i o n  of the L,V,  i n v e r t e r  s y s t e m  can be  opt imized  t o  i t s  l o a d .  

The d i v i s i o n  of ou tpu t  power i n  t h i s  manner r e q u i r e s  each swi t ch ing  

a m p l i f i e r  t o  swi tch  lower c o l l e c t o r  c u r r e n t s .  T h i s  a l l o w s  t h e  

u s e  of  fas te r  t r a n s i s t o r  swi tches ,  t h u s  lower ing  t h e  swi t ch ing  

l o s s e s .  

The u s e  o f  s i l i c o n  c o n t r o l l e d  

r e c t i f i e r s  was cons ide red  i n  t h e  e a r l y  s t a g e s ,  b u t  were r u l e d  

o u t  because of  t h e i r  excess ive  s w i t c h i n g  and s a t u r a t i o n  l o s s e s  

a t  f r e q u e n c i e s  above 5 KC. SCR' s were a l s o  cons ide red  u n r e l i a b l e  

because  of  the d i f f i c u l t y  i n  c o m u t a t i n g  a n  SCR i n v e r t e r  i n  t h e  

p re sence  of  i n d u c t i v e  l o a d s .  

One method of o b t a i n i n g  h igh  

e f f i c i e n c y  power r e g u l a t i o n  from a DC sou rce  i s  t h e  u t i l i z a t i o n  

o f  p u l s e  widrh modulat ion.  The mechanism s e l e c t e d  f o r  p u l s e  
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width  modulat ion i s  t h e  use  of a q u a s i - s q u a r e  wave. 

s q u a r e  wave c a n  be g e n e r a t e d  i n  two ways. 

d r i v e  a magnet ic  a m p l i f i e r  with a square  wave and by v a r y i n g  

t h e  c u r r e n t  i n  t h e  c o n t r o l  winding, v a r y  t h e  k i m e  t h a t  t h e  mag-amp 

i s  on .  This  g e n e r a t e s  t h e  t y p i c a l  q u a s i - s q u a r e  wave. The pr imary 

advantage  i n  t h i s  scheme i s  b a s i c a l l y  i t s  s i m p l i c i t y .  

F / F ' s ,  de lay  m u l t i ' s ,  nand g a t e s ,  e t c , ,  are r e q u i r e d .  The r e g u l a -  

t i o n  loop i s  s i m p l i f i e d  and r e l i a b i l i t y  of  t h e  c i r c u i t  can be 

h i g h  due t o  i t s  s i m p l i c i t y .  

T h i s  q u a s i -  

The f i r s t  way i& t o  

N o  a m p l i f i e r s ,  

There are ,  however, some disadvan-  

t a g e s  t o  t h e  u s e  of mag-amps i n  t h i s  a p p l i c a t i o n .  

t h e  c o r e s  of t h e  mag-amp are not matched and/or  do n o t  t r a c k  

each o t h e r  w i t h  changes i n  temperature ,  t h e  q u a s i - s q u a r e  wave 

o u t p u t  w i l l  n o t  be s y m e t r i c a l  about t h e  z e r o  axis .  

mismatch of t h e  c o r e s  i n  t h e  mag-amps can be on the order of 

two te f i v e  p e r c e n t  nominal. 

ir?v'= 511 J S  t h a t  t h e  dissymmetry i n  t h e  quas i - square  wave i s  d i r e c t l y  

r*rL3ro t i o n a l  t o  t h e  mismatch of t h e  mag-amp cores, Th i s  c a u s e s  

a DC b i a s  i n  t h e  t r a n s f o r m e r  drivirlg waveform. T h i s  DC b i a s  

i s  equal  approximate ly  t o  t h e  degree of mismatch i n  t h e  c o r e s .  

The M: power r e p r e s e n t e d  by the DC b i a s  cannot  b e  t ransformed 

t o  perform u s e f u l  work and must, t h e r e f o r e ,  be d i s s i p a t e d  as h e a t .  

T h i s  power loss w i l l  s u b t r a c t  from e f f i c i e n c y  of t h e  L.V. i n v e r t e r  

system lowering e f f i c i e n c y  about two t o  f i v e  p e r c e n t .  Also,  

I f ,  f o r  example, 

The expected 

Examination of t h e  q u a s i - s q u a r e  

t h e  weight of t h e  L,V.  i n v e r t e r  system w i l l  i n c r e a s e  because t h e  

h e a t  genera ted  w i l l  have t o  be d i s s i p a t e d  i n  a h e a t  s i n k .  T h i s  

a d d i t i o n a l  h e a t  load  w i l l  i n c r e a s e  t h e  w e i g h t ' o f  t h e  h e a t  s inks  

r e q u i r e d  by t h e  L.V. i n v e r t e r  system. There would a l s o  be a 

10 p e r c e n t  i n c r e a s e  i n  t ransformer  weight .  

Fur ther  i n v e s t i g a t i o n  i n t o  t h e  dynamic 

s w i t c h i n g  c h a r a c t e r i s t i c s  of the mag-amp would be n e c e s s a r y  t o  

de te rmine  whether  t h e  switching r i s e  and f a l l  t i m e  would be 

s u f f i c i e n t l y  f a s t  enough t o  pef4hi.r e f f i c f e n t  s w i t c h i n g .  Also,  

\ 
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t h e  problem of r i n g i n g  i n  t h e  mag-amp and i t s  a s s o c i a t e d  c i r c u i t s  

would have t o  be i n v e s t i g a t e d .  

The second method f o r  g e n e r a t i n g  

a quas i - squa re  wave i s  the  a d d i t i o n  of two square  waves, one of 

which i s  de layed  i n  t i m e  r e f e rence  t o  t h e  o t h e r .  T h i s  scheme 

h a s  a number of  advantages .  Its pr imary advantage i s  e x c e l l e n t  

o u t p u t  waveform symmetry. This occur s  because t h e  square  waves 

are  de r ived  from F/F's. 

i n  p u l s e  form a t  twice  t h e  d e s i r e d  o p e r a t i n g  f requency .  The s e r i e s  

of p u l s e s ,  which are t o  become t h e  de layed  squa re  wave, are de layed  

a t  t h i s  t i m e .  Then, t he  two s e r i e s  of p u l s e s ,  one d i r e c t  and one 

delayed, each d r i v e  a F/F. The u s e  of a F/F i n s u r e s  t h a t  t h e  

squa re  waves will a c t u a l l y  have an exac t  50 pe rcen t  du ty  c y c l e  

and ,  t h e r e f o r e ,  when they  a r e  added t o g e t h e r ,  a symmetrical  

quas i - squa re  wave i s  genera ted .  

The two squa re  waves are f i r s t  gene ra t ed  

The d i sadvan tage  of t h i s  scheme 

i s  i t s  high p a r t s  count .  Th i s  would tend  t o  i n d i c - t l  ';lit :s.: 

r e l i a b i l i t y  of t h i s  c i r c u i t  would be lower.  The u s  si ):L,,? 

r e l i a b i l i t y  p a r t s  and "worst  case" c i r c u i t  des ign  w i l l  i n s u r e  a 

r e l i a b i l i t y  adequa te  f o r  the planned mis s ion .  

Also, s u b s t a n t i a l  s i z e  r e d u c t i o n  

of t h e  u a i t  c = u l d  3e made using m i c r o c i r c u i t s .  A t  p r e s e n t ,  

t h e  u s e  of m i c r o c i r c u i t s  i s  not a n t i c i p a t e d .  There i s  not  enough 

d a t a  a v a i l a b l e  on t h e i r  performance i n  a high  n o i s e  environment 

and f u r t h e r  i n v e s t i g a t i o n  would be r e q u i r e d  b e f o r e  c o n s i d e r a t i o n  

o f  t h e i r  u se  i n  t h e  system. 

A unique  feature  of t he  low v o l t a g e  

i n v e r t e r  i s  t h a t  t h e  power output  t r ans fo rmer  h a s  m u l t i p l e  

s e c o n d a r i e s ;  t h i o  e l i m i n a t e s  the requirement  f o r  s e p a r a t e  t r a n s -  

formers ,  reducing  weight and i n c r e a s i n g  o v e r a l l  e f f f b i e n c y .  

\ 
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2.2..2,3 Circuit Description 

"The low voltage inverter system 

is9 graphically illustrated in the functional block diagram, Fig. 

4 ,  and electrically outlined by the schematic, Fig. 5 .  

The low voltage inverter is a high 
power, high efficiency device whose output circuit consists of 

two switching power amplifiers operated in parallel. Each power 

amplifier is driven by a square wave, one of which I s  delayed 

in time with respect to the other. The 20 KC clock generates 
the drive for the inverter. The drive is divided by two and drives 

one of the two power amplifiers. 

by the 20 KC clock. 

from the voltage reference and control amplifier. 

voltage changes the time d e l a y  between the two square waves such 

that the RMS output voltage of the inverter remains constant under 

conditions of varying input voltages. The output voltage of the 

inverter is sampled at the output transformer and drives the voltage 

reference and control amplifier. 

The delayed drive is also driven 

The delayed drive receives an error signal 
The error 

The actual generation of the quasi- 

square wave output can be accomplished in two ways: (111 Add 
the two square waves in the output of the switching amplifiers, 

and (2) Add'them together in a driver stage and use the resulting 

quasi-square wave to drive the switching amplifier. 
* 
Driving the switching amplifier 

with a quasi-square wave is difficult. The problem is that 

when both switching amplifiers are turned off during the dwell 

time of the quasi-square wave, the reactive energy stored in the 

reactive load will tend to flow back into the switching amplifier 

and thus present high voltages across the now turned off switches. 

Insertion of a reversed or free-wheeling diode between the collectors 

of the switching amplifier transistors and their supply voltage 

will prevent the generation of these high voltages. This 'solution 

67 80- IR- 1 19 
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=r lowers  the  e f f i c i e n c y  of t h e  output  s t a g e  because t h e  f ree-wheel ing  

d i o d e s ,  du r ing  t h e i r  conduct ion p e r i o d ,  w i l l  d i s s i p a t e  a p p r e c i a b l e  

power. 

The power d i s s i p a t e d  i n  the f r e e -  

wheel ing d iode  i s  equal  t o :  

'rev IreV Ediode 

= power d i s s i p a t e d  i n  t h e  f ree-wheel ing  d iode .  

= r e v e r s e  c u r r e n t  genera ted  by the i n d u c t i v e  

'rev 

Ir ev 
load .  

= Forward v o l t a g e  drop of a silicon diode  
w 1 v o l t .  

Assuming t h e  r e v e r s e  c u r r e n t  at  "worst  case"  t o  be equa l  t o  t h e  

load c u r r e n t  which i s  5 amps: 

Prev = (5A)(LV) 5 watts. 

I n  t h e  dua l  swi tch ing  a m p l i f i e r ,  t h e  i n d i v i d u a l  c o l l e c t o r  c u r r e n t s  a r e  

reduced by one-ha l f  t h e  power d i s s i p a t e d  i n  t h e  f ree-wheel ing  

d iodes  du r ing  dwell t i m e  which i s :  

Prev = (2 .51 )  (1V) = 2.5 watts each a m p l i f i e r  

o r  5 watts t o t a l .  

I-f t h e  f ree-wheel ing  diod'es do no t  conduct ,  and t h e  i n d u c t i v e  

r e v e r s e  c u r r e n t  i s  a c t u a l l y  conducted by t h e  s a t u r a t e d  t r a n s i s t o r s ,  

t h e  power d i s s i p n t c d  i n  t h e  swi tch ing  a m p l i f i e r  i s  then :  
2 

'amp 'sat I r e v  

= (50Hl)(2.5A)2 = .313 watts 

= power d i s s i p a t e d  i n  t h e  swi t ch ing  a m p l i f i e r  

~ 

P 

dur ing  dwell t i m e  . 
R s a t  = s a t u r a t i o n  r e s i s t a n c e  o f  t r a n s i s t o r .  

S ince  t h e r e  is more power d i s s i p a t e d  i n  t h e  f ree-wheel ing  d iode  

t h a n  i n  t h e  t r a n s i s t o r s ,  t h e  o v e r a l l  e f f i c i e n c y  can be i n c r e a s e d  

by u s i n g  t h e  t r a n s i s t o r s  of the two swi t ch ing  a m p l i f i e r s  t o  c a r r y  

t h e  r e v e r s e  c u r r e n t .  Le t  t h e  t r ans fo rmer  add t h e  square  waves 
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from t h e  swi t ch ing  a m p l i f i e r s * i n  i t s  secondary ,  as shown i n  F i g .  

I n .  Fig.%,- , t ime 1 Q1 and 43 are on and power i s  d e l i v e r e d  

t o  the r e a c t i v e  load L1 and R1. C o l l e c t o r  and load  c u r r e n t s  

f low as shown. During dwell  time, Fig. 6; tiqire 2 91 and Q4 

are  on and no power i s  d e l i v e r e d  t o  t h e  l o a d .  I f  t h e  load  was 

r e s i s t i v e ,  no c u r r e n t  would flow i n  t h e  t r a n s i s t o r  c o l l e c t o r s .  

I n  t h i s  ca se ,  t h e  load  i s  i n d u c t i v e  and a r e a c t i v e  c u r r e n t  I, 

w i l l  f low i n  t h e  o p p o s i t e  d i r e c t i o n  t o  I1 a t  t i m e  1. Th i s  c u r r e n t  

f low,  when r e f l e c t e d  t o  t h e  p r i m a r i e s ,  t ends  t o  make c u r r e n t  

f low i n  t h e  c o l l e c t o r  c i r c u i t s  of tfie t r a n s i s t o r s  as shown by 

I ' r l  and I t r2 .  
o p p o s i t e  t o  t h e  n o m 1  c u r r e n t  flow of t h e  t r a n s i s t o r .  

I n  t h e  c a s e  o f  Q1, t h e  c u r r e n t  f low I',1 i s  

If Ql 
has a reverse of 0 (warst case), Q1 cannot  conduct any c u r r e n t .  

I n  t h e  case  of Q4, t h e  r e v e r s e  c u r r e n t  Ir2 i s  i n  t h e  d i r e c t i o n  

of normal c u r r e n t  flow and Q4 w i l l  conduct .  
. ,  

I n  f a c t ,  Q can 

and does conduct a l l  of t h e  c u r r m t  1, r e t u r n e d  by t h e  i n d u c t i v e  

.$.:e ( v i  ,*: ' power i s  d e l i v e r e d  I. 

l oad .  I n  t i m e  3 ,  F i g 4 , 6 ,  1 Q2 -i. 

t o  t h e  load ,  and i n  time 4 ,  FJ. , k3 L; ".. - t r a n s i s t o r  which 

conducts  a l l  o f  t h e  c u r r e n t  r e t u r n e d  by t h e  load. 

The d e s i g n  of t h e  swi t ch ing  a m p l i f i e r s  

accommodates t h i s  e x t r a  c o l l e c t o r  c u r r e n t  by i n c r e a s i n g  t h e  d r i v e  

r e q u i r e d  by t h e  a m p l i f i e r  t r a n s i s t o r s ,  The e x t r a  d r i v e  r e q u i r e d ,  

about  one watt, i s  much less  than t h e  power d i s s i p a t e d  by t h e  

feee-wheel ing d iodes ,  which i s  about f i v e  w a t t s .  

Addi t ion of the two squa re  waves 

i n  t h e  swi tch ing  a m p l i f i e r  ou tpu t s  w i l l  have a h i g h e r  o v e r a l l  

e f f i c i e n c y .  The output  switching a m p l i f i e r s  w i l l  always have  

one t r a n s i s t o r  t u rned  on. The r eve r se  c u r r e n t ,  which w i l l  f low 

d u r i n g  dwell  t ime ,  w i l l  t h e r e f o r e  be  f o r c e d  t o  flow i n  one of t h e  

two turned  on o u t p u t  t r a n s i s t o r s .  Thus, t h i s  i n d u c t i v e  c u r r e n t  

can  perform u s e f u l  work wi thout  d i s s i p a t i n g  power i n  a f r e e -  

wheel ing d iode .  
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- I  

20 KC Clock. The 20 KC clock 

consists of a UJT, 2N491, relaxation oscillator and a pulse amplifier. 

The period of the relaxation oscillator is determined by the time 

constant of R 2 0 1  and C 2 0 1 .  The time constant is given by the 

equation: 

Where tl m.d C are the emitier time constant, and 7 is the 
intrinsic standoff ratio, R202 is selected to provide first order * 

temperature compensation and is determined from the equation: 

Where Rbb is the interbase resistance, and V is the interbase 
voltage, 4202 is a pulse amplifier whose output is a 1 5 V  pulse 

and is used as a trigger for the * /2  €lip-flops. 

The t,/2 flip-flop is a standard 

RST flip-flop whose outputs are buffered by emitter followers. 

The output of the flip-flop is not adequate to drive the driver, 

and the emitter follower provides the necessary power gain, 

The set and reset inputs of both flip-flops are connected together 

and are driven by Q and Q outputs of the undelayed flip-flop, 
1 

Driver. The driver block is 

driven by the buffered Q and 5 outputs of the +/2  flip-flop. 

The u s e  of the Q and outputs provides a push-pull signal. 

The outputs of the amplifier transistors, 4207, 4208, Q220 and  

Q221, are matched t o  the low impedance input of the power amplifier 

by T200 and 'I201. The base resistors limit the base drive to the 

driver transistors and the base capacitors are used t o  neutralize 

the store base charge of the driver transistors. The base diodes 

perform khree functions: 

emitter follower, 

as a disconnect diode when the input signal goes to ground allowing 

0 

\ 

(1) Th'ey offset Veb of the driving 

(2) provide sbbe noise immunity, and (3)  act 
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t h e  emi t te r  b a s e  j u n c t i o n  t o  be  r e v e r s e  b i a s e d  from a n e g a t i v e  

v o l t a g e  s o u r c e .  

Power Ampl i f i e r .  The power a m p l i f i e r  

i s  a push -pu l l  swi t ch ing  a m p l i f i e r .  There  are two i d e n t i c a l  

power a m p l i f i e r s  i n  t h e  l o w  v o l t a g e  i n v e r t e r .  The a d d i t i o n  of 

t h e i r  o u t p u t s  t o  form t h e  quas i - squa re  wave ou tpu t  o c c u r s  i n  t h e  

o u t p u t  t r ans fo rmer  secondary.  The base  r e s i s t o r s  a r e  used  t o  

c o n t r o l  t h e  b a s e  d r i v e  and t h e  b a s e  c a p a c i t o r s  a r e  used  t o  improve 

t h e  f a l l  t i m e  of t h e  t r a n s i s t o r s .  The o u t p u t  power a m p l i f i e r  

o b t a i n s  i t s  c o l l e c t o r  supply  v o l t a g e  d i r e c t l y  from t h e  pr imary 

power source .  The t r a n s i s t o r s  s e l e c t e d  were 2N2583. These 

t r a n s i s t o r s  have  one of t h e  h i g h e s t  BVce0t, of any t r a n s i s t o r s  

a v a i l a b l e .  

The butput  t r a n s i s t o r s  may see a 

maximum v o l t a g e  of 2 x 84 o r  168 v o l t s ,  t h e  84 v o l t s  be ing  t h e  

m a x i m u m  s o l a r  pane l  o u t p u t  v o l t a g e .  Allowing a v o l t a g e  d e r a t i n g  

of  50 p e r c e n t ,  t h e  minimum BVce0 of t h e  t r a n s i s t o r  i s  336 v o l t s .  

The 2N2583 i s  r a t e d  a t  a BVceo of 500 v o l t s  and  a VCE 

of  325 V minimum. This i n s u r e s  t h a t  t h e  t r a n s i s t o r s  w i l l  no t  

expe r i ence  v o l t a g e  breakdown i n  t h e  i n v e r t e r ,  even when t h e  i n v e r t e r  

i s  o p e r a t i n g  i n t o  h i g h l y  r e a c t i v e  l o a d s .  

(sus) 

Voltage Reference and C o n t r o l  Ampl i f i e r .  

The v o l t a g e  r e f e r e n c e  and c o n t r o l  a m p l i f i e r  i s  used  t o  g e n e r a t e  

a n  e r r o r  v o l t a g e  when t h e  RMS output  v o l t a g e  changes f r o m  nominal .  

Thc ou tpu t  v o l t a g e  i s  sampled by a s e p a r a t e  winding on t h e  o u t p u t  

t r ans fo rmer .  T h i s  AC v o l t a g e  i s  f u l l  wave r e c t i f i e d  and t h e  

r e s u l t a n t  s i g n a l  i n t e g r a t e d .  T h i s  v o l t a g e  i s  compared t o  a zene r  

r e i e r e n c e  CR 231 by a d i f f e r e n t i a l  a m p l i f i e r  4227 and 422%. 

The ou tpu t  v o l t a g e  of t h e  d i f f e r e n t i a l  a m p l i f i e r  d r i v e s  t h e  de layed  

c l o c k .  
\ 

Stab i 1 i t y o f t h e  regu l a  i o n  feedback 
loop  i s  accomplished by u s i n g  the RC i n t e g r a t e r  as t h e  bL dominate 

-1 
-. - 
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t i m e  c o n s t a n t  of t h a  feedback loop .  The RC t i m e  c o n s t a n t  i s  

s e l e c t e d  such t h a t  t he  g a i n  of t h e  loop i s  below u n i t y  be fo re  

t h e  phase s h i f t  r eaches  180°. 

h e r e  s i n c e  i t  i s  in tended  t h a t  Nyquist  diagrams o r  Bode p l o t s  

w i l l  he  p repa red  from d a t a  taken from a n  o p e r a t i n g  breadboard.  

. % L ~ ~ (  2 , , ‘ - i t  ?tmy <‘c\i t a i n s  d i g i t a l  e l emen t s ,  some of which have 

i 2 F ~ h i y  i ~ c ~ ~ - l i ~ , c f i : ~  - r a n s f e r  c h a r a c t e r i s t i c s ,  i t  i s  f e l t  t h a t  any 

mathematical  d i s c u s s i o n  at  t h i s  t i m e  would have t o  be confirmed 

e m p i r i c a l l y .  

N o  c a l c u l a t i o n s  are p r e s e n t e d  

- .  

Delayed Clock, The de layed  c lock  

c o n s i s t s  of a synchroniz ing  ga te ,  a UTJ d e l a y ,  c u r r e n t  c o n t r o l  

and a p u l s e  a m p l i f i e r .  The synchroniz ing  g a t e  i s  two AND g a t e s  

and a n  OR g a t e  conn tec t ed  t o  an i n v e r t e r  which i s  b u f f e r e d  by 

a n  emi t t e r  f o l l o w e r .  The e m i t t e r  f o l l o w e r ,  ~ 2 1 4 ,  i s  r e q u i r e d  

t o  supply t h e  necessa ry  charge  c u r r e n t  t o  C210 f o r  minimum t i m e  

d e l a y ,  when Q211 i s  s a t u r a t e d .  The i n p u t s  of t h e  synchronous 

g a t e s  are  connec ted  t o  t h e  Q and 9 o u t p u t s  of p/2/ ; l ip-f lop 

No’s .  1 and 2 .  Such t h a t :  

When C goes t r u e ,  t h e  t ime delay s t a r t s .  The ou tpu t  o f  t h e  synchro-  

n i z i n g  g a t e  then  s u p p l i e s  +15 V t o  t h e  UJT de l ay  c i r c u i t .  A t  

t h e  end o f  t h e  t iming  c y c l e ,  t h e  UJT f i r e s  and C t hen  goes f a l s e .  

The maximum d e l a y  i s  set b y  R224 and t h e  minimum d e l a y  is set 

by R224/Rsat Q211 + Zo 0214. 

two l i m i t s .  I f  a t  t h e  i n i t i a l  t u rn -on  of  t h e  low v o l t a g e  i n v e r t e r  

t h e  two 4 f l i p - f l o p s  are n o t  i n  s y n c h r o n i z a t i o n ,  the set and 

reset  i n p u t s  of  ;/2 f l i p - f l o p  No. 2 w i l l  not a l l o w  t h e  i f l i p  

f l o p  No. 2 t o  change s t a t e  when t h e  U J T  d e l a y  c i r c u i t  f i r e s  

t h u s  f o r c i n g  t h e  two f l i p - f l o p s  i n t o  synchron i2a t ion .  

The d e l a y  i s  v a r i a b l e  between t h e s e  

\ 

Misce l laneous  C o h e r t e r .  The l o w  

power i n v e r t e r  i s  of t h e  s e l f - s a t u r a t i n g  type .  The i n v e r t e r  d e r i v e s  
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i t s  power from t h e  pr imary power sou rce .  

and s u p p l i e s ,  a f t e r  r e g u l a t i o n ,  t h e  z15 v o l t s  r e q u i r e d  by t h e  

l o w  v o l t a g e  i n v e r t e r .  

f r o m  a Zener d iode  i s  used f o r  t h e  +15 v o l t s .  

i s  s imply Zener  r e g u l a t e d .  

t h e  o t h e r  power c o n d i t i o n i n g  s y s t e m .  

I t s  o u t p u t  i s  r e c t i f i e d  

A simple emitter f o l l o w e r  r e g u l a t o r  referenced 

The -15 v o l t  ou tpu t  

This ?15 v o l t s  i s  made a v a i l a b l e  t o  

2 . 2 . 2 . 4  C i r c u i t  Parameters  
I n p u t  Voltage:  

Nominal 56 V o l t s  

Minimum 50 V o l t s  

- Max. O p e r a t i o n a l  70 V o l t s  

Absolute  Maximum 84 V o l t s  

Output  Vol tages :  

A l l  o u t p u t s  r e g u l a t e d  +2%. 

1. 

2 .  

3 .  8.0 V RMS a t  10 Amps. 

4 . 
5 .  

6 .  

9.0 V RMS t apped  a t  5 .1  V RMS a t  1 2 . 5  Amps, 2 o u t p u t s  each.  

5 . 3  V RMS a t  5 Amps. 

2 each - 8 V RpifS a t  1.35 Amps. 

2 each - 3.9 V RMS tapped a t  2.6 V RMS a t  3 0 5  Amps. 

29 V RMS tapped a t  26.8 V RMS and 18.6 V RMS a t  0.5 

Amps. wi th  c e n t e r  t a p s  f o r  a l l  i n d i v i d u a l  o u t p u t s .  

Losses : 

A l l  l o s s e s  based on input  power of  220 watts maximum. 

Transformer (Output)  2.85% 

Output T r a n s i s t o r s  3. s q  
Output T r a n s i s t o r  Base L o s s  .a22 

4.33% 
215 Q 1 Supply Inc lud ing  I n v e r t e r  

- Loss.  

TOTAL a. 82% 
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E f E i c  i ency  : 

100 - 8.32 m 91.18% 

Weight: 

Output Transformer 

Power T r a n s i s t o r s  ( 4 )  

16.0 o z .  

4.0 0 2 .  

1 9  each T O - 1 8  T r a n s i s t o r s  0.4 o z .  

D r i v e r  Transformer 6.0 o z .  

P r i n t e d  C i r c u i t  ( e s t  .) 4.0 02. 

Low Po-wer Inverter 8.6 o z .  

3 9 . 0  02. 

2.2.3 Rese rvo i r  and Valve Heater Power Supply 

2 .2 .3 .1  General  

The r e s e r v o i r  and v a l v e  h e a t e r  power 

supply  is a low ou tpu t  voltage medium power dxiven DC-AC i n v e r t e r .  

This i n v e r t e r  i s  used t o  supp'y drs rq \1 la ted  AC t o  t h e  cesium 

r e s e r v o i r  and v a l v e  hea te l .  J i .;- I ; ~ r 2  ' -; t up .  

2 . 2 . 3 . 2 ,  C i r c u i t  Depc r ip t ion  

Reference  F i g .  4 block  diagram. 

T h i s  i n v e r t e r  i s  b a s i c a l l y  a p a r t  of t h e  low v o l t a g e  i n v e r t e r .  

It i s  cons ide red  s e p a r a t e l y  since i t  f u n c t i o n s  o n l y  d u r i n g  eng ine  

h e a t u p .  The inverter  c o n s i s t s  o f  a swi t ch ing  power m p l i f i e r  

and  d r i v e r  f o r  t h e  power a m p l i f i e r .  The inpu t  squa re  wave i s  taken  

from t h e  + I 2  f l i p - f l o p  ou tpu t  and a m p l i f i e d  by t h e  d r i v e r .  

d r i v e r  i s  a push -pu l l  a m p l i f i e r  t r a n s f o r m e r  coupled t o  t h e  power 

a m p l i f i e r .  The ou tpu t  t ransformer  h a s  two secondar i e s  which 

supply  t h e  h e a t e r  power t o  t h e  cesium r e s e r v o i r  and va lve .  The 

o u t p u t  of  t h e  i n v e r t e r  which powers t h e  cesium r e s e r v o i r  can  be 

t u r n e d  o f f  and on by a p a i r  of AND g a t e s  whose i n p u t s  are t h e  

d r i v e  s i g n a l  and t h e  p r o g r a m e r  command. 

The 

The $.15 volts r e q u i r e d  
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by the driver are supplied by the low power inverter. The power 

amplifier runs off the primary poyer source. 

2 . 2 . 3 . 3  Circu i t  Parameter3 

Input Voltage: 

N oa i.na 1 56 Volts 

*i$; ni.:?l: n 50 Volts 

Ihximum Operating 70 Volts 

Absolute Maximum 84 Volts 

Output Voltages: 

Reservoir 20 V RMS at 8 Amps controlled by a saturable 

Valve 6 V RMS at 9 Amps. 

reactor. 

Losses : 

All losses based on input power of 220 watts. 

Output Trans foimer 2.85% 

Output Transistors .7 1% 

Output Transistor Base .11% 

Driver S t a g e  I.. 25% 

TOTAL 4.92% 

Efficiency: 

95 .OS%, 

Weight: 

Output Trans f o mer 16.0 02. 

Power Transistors 2.0 o z .  

Driver Transformer 3 . 0  02. 

TOTa WEIGHT 21.0 0 2 .  1.31 l b s .  

The total weight does not include structure or heat sinks. 

1 
f 
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2.2 .4 .1  General D i scuss ion  

The magnet supply i s  a d i r e c t  

c u r r e n t  supply wi th  an  ou tpu t  c a p a b i l i t y  of 5.5 VDC and  2 . 7  

amperes maximum f o r  a t o t a l  DC power ou tpu t  of approximate ly  15 

watts. tl% c u r r e n t  r e g u l a t i o n  i s  r e q u i r e d .  Four appron:!t..;s f o r  

o b t a i n i n g  t h e  d e s i r e d  o u t p u t  have been cons ide red .  2. $ 1 : ~  *!I * ;  

A .  S e r i e s  t r a n s i s t o r  r e g u l a t e d  supply .  

B. S e l f - s a t u r a t i n g  mag-amp r e g u l a t e d  supply.  

C. S i l i c o n  c o n t r o l l e d  r e c t i f i e r  r e g u l a t e d  supply .  

D. S a t u r a b l e  r e a c t o r e g u l a t e d  supply .  

2 .2 .4 .2  C i r c u i t  S e l e c t i o n  and Eva lua t ion  > 

A - Consider  the  schemat ic  of a 

Unregula ted  DC i s  a p p l i e d  t o  t h e  t r a n s i s t o r  r e g u l a t o r ,  F i g .  ?: 
r e g u l a t o r  from a t r ans fo rmer  r e c t i f i e r .  

a t r a n s i s t o r  ser ies  r e g u l a t o r  ~ 1 .  
by t h e  c u r r e n t  t r ans fo rmer  CT1. The o u t p u t  of the CT1 i s  r e c t i f i e d  

and a v o l t a g e  i s  ob ta ined  which is  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  

o u t p u t  c u r r e n t .  T h i s  v o l t a g e  i s  compared t o  a s t a b l e  r e f e r e n c e  

CR1 by means of a d i f f e r e n t i a l  a m p l i f i e r .  

v o l t a g e  i s  a n  e r r o r  s i g n a l  which w i l l  v a r y  d i r e c t l y  wi th  t h e  

o u t p u t  c u r r e n t .  Use of  t h i s  e r r o r  s i g n a l  t o  c o n t r o l  t h e  b a s e  

d r i v e  of t h e  series r e g u l a t i n g  t r a n s i s t o r  Q1 p r o v i d e  c o n s t a n t  

c u r r e n t  r e g u l a t i o n .  

The DC i s  a p p l i e d  t o  

Output c u r r e n t  is sampled 

The r e s u l t i n g  d i f f e r e n c e  

B - F i g .  8 i s  a schemati4 diagram 

of a s e l f - s a t u r a t i n g  mag-amp r e g u l a t o r  i n  a f u l l  wave c e n t e r  

t a p  c o n f i g u r a t i o n .  

former secondary i s  a p p l i e d  t o  t h e  r e g u l a t o r  and t h e  i n p u t  t o  

the r e c t i f i e r s  CR1 and CR? i s  c o n t r o l l e d  by the mag-amp MI. 

Output  c u r r e n t  i s  sensed the  c u r r e n t  t r ans fo rmer  CTI. The 

secondary o u t p u t  o f  CT1 i s  r e c t i f i e d  r e f e r e n c e d  t o  a Zener d iode  

AC from the  low v o l t a g e  i n v e r t e r  ou tpu t  trans- 

Y 
.1 
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Cp.B and a p p l i e d  t o  t h e  c o n t r o l  winding of  t h e  mag-amp. 

t h e  v o l t a g e  produced by CTl i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  l o a d  

S i n c e  

c u r r e n t ,  i t s  a p p l i c a t i o n  t o  the c o n t r o l  winding p r o v i d e s  c u r r e n t  

. r e g u l a t e d  o u t p u t .  E x t e r n a l  c o n t r o l  of t h e  supply  can be accomplished 

through a d i o d e  OR' g a t e  t o  the  c o n t r o l  winding of t h e  mag-amp. 

C .  - The s i l i c o n  c o n t r o l l e d  

r e c t i f i e r  r e g u l a t o r  i s  i l l u s t r a t e d  by t h e  schematic  F i g .  9. 

T h i s  d e s i g n  approdch i s  q u i t e  similar t o  t h e  s e l f - s a t u r a t i n g  

mag-amp. 

and a small mag-amp i s  used t o  deve lop  synchronized square  wave 

d r i v e  s i g n a l s  f o r  t h e  SCR g a t e s .  A c u r r e n t  t r a n s f o r m e r  i s  used 

to sense t h e  o u t p u t  l o a d  current and develop  an  AC v o l t a g e  propor-  

t i o n a l  t o  t h e  l o a d  c u r r e n t .  

g a t e  d r i v e  mag-amp c o n t r o l  winding, c o n t r o l s  t h e  f i r i n g  a n g l e  

o f  t h e  SCR's and t h u s  c o n t r o l s  t h e  o u t p u t  c u r r e n t  p r o v i d i n g  c u r r e n t  

r e g u l a t i o n .  

The s i l i c o n  c o n t r o l l e d  r e c t i f i e r s  r e p l a c e  t h e  mag-amps 

This s i g n a l ,  when a p p l i e d  t o  t h e  

D - F i g .  Ld , i s  a schematic  

r e p r e s t .  * :  ). . f * ' , -  a 2 . t u r a b l e  r e a c t o r  des ign  approach.  The 

s a t u r a b l e  XELIC;OL i s  l o c a t e d  i n  t h e  o u t p u t  t r a n s f o r m e r  pr imary.  

A c u r r e n t  t r a n s f o r m e r  s e n s e s  the o u t p u t  c u r r e n t  and p r o v i d e s  a 

w: output  v o l t a g e  which i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  output  

c u r r e n t .  This v o l t a g e ,  when appl ied  t o  the  c o n t r o l  winaing of 

t h e  s a t u r a b l e  r e a c t o r ,  w i l l  c o n t r o l  t h e  o u t p u t  c u r r e n t  p r o v i d i n g  

t h e  r e q u i r e d  c u r r e n t  r e g u l a t i o n .  

Each of t h e  preceding  des ign  

approaches have  advantages  and d i s a d v a n t a g e s .  The r e l a t i v e  merits 

o f  t h e s e  approaches  can b e s t  be s e e n  by d i r e c t  comparison; t h e r e -  

f o r e ,  Table  I1 h a s  been prepared which compares t h e s e  d e s i g n  

approaches .  R e f e r i n g  t o  t h e  t a b l e ,  i t  can be seen t h a t  t h e  

t r a n s i s t o r  r e g u l a t o r  approach,  while s i m p l e r ,  h a s  more l o s s e s ;  

t h e  s a t u r a b l e  r e a c t o r  r e g u l a t o r  appraach  i s  h e a v i e r  and would 

r e q u i r e  an extra t r a n s f o r m e r ;  the SCR d e s i g n  approach i s  t h e  

34 
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WEIGHT I 

! i 

# 2  f # 3 1 #4 
4 

TRANSISTOR REGULATOR i SELF SATURATING MAC. AMP. 1 SATU R A F & w C T O R  I SCR REGULATED 
i # 1 

lnis type of regulation i s  ' Good. 
less reliable than the 
other designs because of i 
transient susceptibility : 
and all components are at 
the +H.V. potential. 

8 

1 

Differential in weight between i these designs vary slight y at this power level - 
15 to 25 watts. 

1 Heaviest design, although 
1 only slightly. 

EFFICIENCY 

ADVANTAGES 

DLSAD- 

VANTAGE S 

Transistors have excessive 
dissipation. Efficiency 
is quite low because of 
the high transistor losses. 

Simple, lightweight, 'fast 
response. 

Difficult to isolate control 
circuitry from M.V., high 
power losses,  highly 
susceptible to transients. 

I i 
At a power Level of 15 to 2 watts, the differential in 
designs is negligible. 4 ! 

High efficiency, isolation High efficiency, isolation 
from +H.V. easy to obtain, from +H.V. easy to obtain, 

sient damage, high relia- 
bility. 

not susceptible to tran- ! 1 lightweight. 

i 
Slightly heavier than 
transistor o r  SCR designs. 

1 Susceptible to transients. 

More 'iltering required for these 

Ef iciency between these 

High reliability, less 
susceptible to transient 
damage, control circuits 
not at high voltage. 

Highest weight, lower 
efficiency than SCR or 
SSMA designs, higher c o n t r o l  
required, slowest response. 

leaigns.  

3 5  . 
~ 



a 
. I  

67 80- IR- 1 36 

4 !-. i -. 



u 
I 

z. '1 

E- . 

47 80 - IR- 1 37 



I 

Ph i 
“ 1  

-3 
c 1 f 

l i g h t e s t  of  t h e  des ign  approaches,  however, r equ i r emen t s  f o r  

t r a n s i e n t  p r o t e c t i o n  and i n c r e a s e  of swi t ch ing  l o s s e s  a t  h i g h e r  

f r e q u e n c i e s  p r e c l u d e s  i t s  use .  The b e s t  o v e r a l l  d e s i g n  approach 

i s  t h e  s e l f - s a t u r a t i n g  mag-amp, and t h i s  h a s  been des igned  f o r  

t h e  magnet supply apFl . icat  j on. 

o u t p u t :  

5 . 5  VDC 1% r i p p l e  

2.7 amps. m a .  

14.85 watts max. 

Regula t ion :  

Cur ren t  r e g u l a t e d  +I%. 

Losses : 

Reac to r s  0 .3  V x 1.35 A x 2 = 0.810 watts 

Diodes 0.7 V x 1.35 x 2 = 1 . 9  watts 

’ Switch ing  l o s s e s  .1 x 0.95 x 2 = 0.19 watts 

F i l t e r i n g  losses 0 .1  V x 2.7 = 0.27 watts 

Con t ro l  l o s s e s  .022 x 1 5 / 8  = 0.41 watts 

T o t a l  l o s s e s  3.58 watts 

Conversion E f f i c i e n c y :  
= (14 .85 /14 .85  + 3 .58)  x 100 

14.85/18 .44  = 80.6% 

R e c t .  Diodes 

R e c t .  Diodes 

S i g .  Diodes 

Zener  Diodes 

Mag-amps. 

C u r r e n t  Transformers  

C a p a c i t o r s  

3.6 grams 3 r e q u i r e d  

2 grams 6 r e q u i r e d  

2 grams 1 r e q u i r e d  

10 grams 2 r e q u i r e d  

30 grams 1 r e q u i r e d  

30 grams 2 r e q u i r e d  - -- 

10.8 grams 

12.0 grams 

2 . 0  grams 

26.0 grams 

302rO grams 

60.0 grams 
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To t a l  Weight 134.8 grams 

= 0,297 l b s .  

2 .2 .5  ArcfCathode Heater Power Supply 

2 .2 .5 .1  General Discuss ion  

The gas  d i s c h a r g e  o r  e l e c t r o n  

bombardment i o n  engine  produces i o n s  i n  t h e  plasrna r e g i o n  of a 

g a s  c o l l i s i o n  t y p e  ion source .  

a l o w  p r e s s u r e  a r c  where i o n i z a t i o n  i s  due,  a lmost  e n t i r e l y ,  

t o  c o l l i s i o n s  between atoms and e l e c t r o n s  wi th  a k i n e t i c  energy 

g r e a t e r  t h a n  t h e l o n i z a t i o n  p o t e n t i a l  l e v e l .  The arc supply 

r e q u i r e d  f o r  t h i s  a p p l i c a t i o n  has  an o u t p u t  c a p a b i l i t y  of 25 

amperes maximum. 

t o  20 amperes when t h e  a rc  r e s i s t a n c e  i s  between 0 . 3  and Qi4 ohm. 

A cathode h e a t e r  power supply  i s  also provided  w i t h  an o u t p u t  

c a p a b i l i t y  of 8 v o l t s  AC a t  10 amperes 

The g a s  c o l l i s i o n  i o n  source  i s  

Curren t  l i m i t i n g  i s  employed t o  l i m i t  t h e  c u r r e n t  

S i n c e  t h e  i o n s  are  

+ a i n e &  by t h e  c o l l i s i o n  of  e l e c t r o n s  wi th  atoms,  c o n t r o l  of 

* .e ion  o u t p u t  can c o n t r o l  t h e  cathode h e a t e r  tempera ture .  Under 

normal o p e r a t i n g  c o n d i t i o n s ,  t h e r e  i s  s u f f i c i e n t  thermal  coupl ing  

from o t h e r  e n g i n e  h e a t  s o u r c e s  t o  m a i n t a i n  t h e  ca thode  tempera ture  

a t ,  o r  s l i g h t l y  above t h e  d e s i r e d  * t empera ture .  

p e r i o d ,  power i s  no t  r e q u i r e d  and must be c o n t r o l l e d .  

c o n t r o l  i s  e f f e c t e d  by s e n s i n g  the  a r c  c u r r e n t  and u s i n g  t h e  

r e s u l t a n t  o u t p u t  t o  t u r n  t h e  cathode h e a t e r  power supply  on when 

a r c  c u r r e n t  i s  below 10 amperes and o f f  when t h e  arc c u r r e n t  i s  

During t h i s  

Such 

above 15  amperes.  

Severa l  approaches were s t u d i e d  

f o r  t h e  s u p p l y .  The s i m p l e s t  p o s s i b l e  approach,  t h a t  of  p l a c i n g  

a high r e a c t a n c e  i n  t h e  AC p o r t i o n  of t h e  c i r c u i t r y  s u f f i c i e n t  

t o  provide 5 p e r c e n t  r e g u l a t i o n ,  d i s r e g a r d i n g  m a s t e r  t ransformer  

c o n s i d e r a t i o n s ,  could b e  b u i l t  wi th  an  e f f i c i e n c y  of 82  p e r c e n t .  
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However, 3 KVA of reactive power would have to be produced. 

Therefore, this approach was not considered further. 

A conventional self-saturating 

mag-amp design promises approximately 83 percent efficiency 

and a separate design for this system was prepared. 

Regardless of the system used, 

if conventionar power rectifiers are used, efficiency is limited 

because of the losses in the rectifiers. 

circumvent the rectifiers losses is a synchronous 'switching 

rectifier. This system, as shown by schematic and the following 

paper design, has an efficiency of 88 pertent using "worst case" 

parameters. The system produces a higher efficiency because 

the transistor losses are less than a power rectifier. 

A design to partially 

- 

Several improvements on the circuit 

are planned based on breadboard work. 

the drive circuitry for the transistors used. It is believed 
efficiency can be increased above predicted efficiencyhy t'- * 5 

approach + 

The first itl optimizing 

It is evident that paralleling 
switching transistors will increase efficiency. 

out reveals efficiency to 92 percent are possible using three 

transistors in parallel. The drawback is thet perfectly matched 
transistors are not  available and therefore would not share the 

loads equally. The outputs of  each supply would be connected 

in parallel. This system would be somewhat heavier and perhaps 

less reliable. The latter being a debatable statement, but 

certainly would require more components and circuit connections. 

In-fact, a work- 

2.2.5.2 Design Considerations 

The input i s  a quasi-square wave 
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Formed by adding  two square  waves; one de layed  wi th  r e s p e c t  

t o  t h e  o t h e r ,  depending on the i n p u t  v o l t a g e  l e v e l .  

i n p u t ,  t h e  s q u a r e  wave h a s  an " o f f "  t i m e  o f  26 p e r c e n t  each 

h a l f  c y c l e ,  o r  54' " o f f "  and 126Oon. 

A t  nominal 

I n  a q u a s i - s q u a r e  wave; 

J f t  
E RM' = Eave f t  

where f = f requency  

t = t i m e  "on" 

f t  = Iton" t i m e  % (+) I 

'& P 1.14 
.76 A t  nominal t h e n ,  E RMS = Eave 

t i m e  by I f  a d d i t i o n a l l y ,  t h e  mag-amp also must reduce  t h e  "on" 

25  percent  more t o  e x e r c i s e  c o n t r o l  from 6 - 8 v o l t s ,  t h e  Iron" 

t i m e  a t  nominal w i l l  b e  approximately 50 p e r c e n t ,  and E RMS = 

1.4 Eave. 

The f a c t o r  1 . 2 9  (60%) was used f o r  t h e  c u r r e n t  t r a n s f o r m e r  b e c a u s e ,  

i t  h a s  a d j u s t a b l e  o u t p u t .  

T h i s  number i s  used  i n  A r c  DC and mag-amp d e s i g n ,  

2.2.5.3 Parts S e l e c t i o n  and Evalua t ion  

T r a n s i s t o r  C o n s i d e r a t i o n s .  The 

o n l y  t r a n s i s t o r  p r e s e n t l y  a v a i l a b l e  w i t h  d e s i r a b l e  c h a r a c t e r i s t i c s  

f o r  t h i s  a p p l i c a t i o n  i.s t h e  Honeywell MHT 8300 series.  The 

manufac turer  w i l l  supply a modif ied 8303 wi th  a V of ce ( s a t )  
.5  VDC max. a t  20 amp IC and 2A I b .  T h i s  s i l i c o n  NPN's f a s t  

swi tch ing  t i m e  and o t h e r  r a t i n g s  make i t  t h e  c h o i c e  f o r  t h e  a rc  

d e s i g n .  
\ The b u l k  of t h e  losses o c c u r  i n  t h e  

conduct jpn s t a t e ,  which i s  t h e  reason  f o r  t h e  e f f o r t  t o  o b t a i n  

low 'ce(sat> 
technique  i s  used.  

. These losses a r e  reduced c o n s i d e r a b l y  i f  a p a r a l l e l  
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The r e v e r s e  c u r r e n t  losses are very  

l o w  and are n o t  cons ide red  i n  t h e  t o t a l  l o sg  column. 

Diodes s e l e c t e d  have t y p i c a l  reverse 

m 

1 

recovery  time of 70 nanoseconds,  t h e i r  losses are i n s i g n i f i c a n t  

a t  t h e  low level  of o p e r a t i o n .  They are d e r a t e d  a t  least  3 : l  

i n  t h e  a r c  supp ly  d e s i g n .  

Switching Loss: 

Pc = - Ts I , , ~  RL max. 3 T  

Ton + Toff 
Ts = 2 

P, = 3 100 (= x 202 x . 4 )  = ,905 

S a t u r a t i o n  Loss:  

1 .  
2 P s  = - I,, \*Vce(sat)  

Base Drive:  

= -  ' a '  
- 2 x 2  l o s s / t r a n s i s t o r  = .905 + 5 + 2 = 7.905 watts - 

2 

. L  

' .' I a ,  

T o t a l  l o s s  ~ 7 . 9 0 5  x 2 =I 15.8 wat t s  

F i l t e r  I n d u c t o r .  Because of the  very 

l o w  load  impedance, a choke o f f e r s  t h e  most as  a c h o i c e  between 

a choke end a c a p a c i t o r  f i l t e r .  ,The  r i p p l e  pe rmis s ib?e  i s  one 

v o l t  RMS. A i  low l i n e  v o l t a g e  and h igh  a r c  impendance, the  
b\ 

r e c t i f i e r  ou tpu t  would no t  r e q u i r e  any f i l t e r  t o  meet t h e  r i p p l e  

spec .  However, a t  h igh  l i n e  and low a r c  impedance, t h e r e  i s  need 

-. - 
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f o r  a f i l t e r .  

E RMS Condit ions t h a t  produce - = 
. 

1.4 are  assumed f o r  i n d u c t o r  design.  

Ep-p a c r o s s  L = 11 .2 ;  I = 20 A 

d i  E = -Lc 

25  x 5.6 x = cLh 
n 

LC 20 

-.r 

To p r o v i d e  a measure of s h o r t  c i r c u i t  

p r o t e c t i o n  and adequate  f i l t e r i n g ,  a much l a r g e r  choke w i l l  be  

des igned  with 50ph as a g o a l .  

2.2.5.4 C i r c u i t  D e s c r i p t i o n  

The d e s i g n  combines a p a i r  o f  

t r a n s i s t o r s  9301 and 0302 ( s e e  schematic F i g . , l & )  wi th  a small 

s e l f - s a t u r a t i n g  half-wave magnetic a m p l i f i e r  d r i v i n g  t h e  base- 

emi t t e r  j u r , c ~ i o i i .  :n-phase v o l t a g e  i s  taken  from t h e  master 

t ransfccf  1 I * J c i  . ; n l  , c c l  o t h e  base t o  d r i v e  t h e  t r a n s i s t o r  t o  

t h e  s a t u r a t  L J  "31:" s t a t e  i n  synchronism wi th  t h e  s o u r c e  v o l t a g e ,  

p roducing  a DC o u t p u t  v i a  f u l l  wave r e c t i f i c a t i o n .  The system 

produces  a h i g h e r  efficiency because t h e  t r a n s i s t o r  l o s s e s  are 

l e s s  t h a n  a power r e c t i f i e r  and t h e  b a s e  d r i v e  mag-amp l o s s e s  

a r e  less than  t h e  l o s s e s  of mag-amps l o c a t e d  i n  a h i g h  c u r r e n t  

p o r t i o n  of  t h e  c i r c u i t .  

The mag-amps have two c o n t r o l  wind- 

The b i a s  winding i s  n o t  o p e r a t e d  from i n g s ,  p l u s  a b i a s  winding. 

a s t a b l e ' s o u r c e  as  might be expected,  but  i t s  c o n t r o l  is v e r y  

l i m i t e d  and i n t e n d e d  t o  merely remoye t h e  e f f e c t  of  t h e  r e v e r s e  

d i o d e  c u r r e n t .  One c o n t r o l  winding i s  provided  f o r  a n  over load  

s i g n a l  t o  reduce t h e  a r c  power i n  t h e  event  t h e r e  i s  a h igh  v o l t a g e  
re 
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a,rc-over. The second c o n t r o l  winding o p e r a t e s  from a c u r r e n t  s e n s i n g  

t r ans fo rmer  and exercises c o n t r o l  a f t e r  a prede termined  c u r r e n t  

h a s  been exceeded,  l i m i t i n g  t h e  o u t p u t  c u r r e n t .  

The mag-amp h a s  two c o r e s ,  t h e  g a t e  

winding of each being o r i e n t e d  so no fundamental  v o l t a g e s  are  

induced i n  t h e  c o n t r o l  windings.  The c o n t r o l  windings are common 

t o  both  c o r e s .  Diode6 CR302 and CR304 p a s s  t h e  p rope r  p o l a r i t y  

d r i v e  c u r r e n t  f o r  t h e  t r a n s i s t o r s ,  CR301 and CR303 p r o v i d e  a 

r e v e r s e  t u r n - o f f  d r i v e  f o r  the  t r a n s i s t o r s  t o  minimize r e v e r s e  

leakage  c u r r e n t s  and swi tch ing  t i m e s .  

"301 i s  t h e  c u r r e n t  s e n s i n g  t r a n s -  

former,  t h e  system i n c l u d e s  a f u l l  wave r e c t i f i e r - f i l t e r ,  and 

i s  h e a v i l y  damped wi th  r e s i s t a n c e  t o  o b t a i n  l i n e a r  o p e r a t i o n ,  . 

b u t  t h e  t o t a l  power consumed i s  o n l y  s l i g h t l y  over  one  wa t t .  

K301 i s  ene rg ized  by t h e  c u r r e n t  

s ens ing  supp ly  whenever t h e  arc c u r r e n t  i s  g r e a t e r  t h a n  15 amperes.  

The r e l a y  i s  de-energ ized  whenever t h e  a r c  c u r r e n t  d rops  below 

10 amps 

'J!io arc c u r r e n t  i s  f i l t e r e d  by a 

s i n g l e  choke, L30" : :rJ. ("<2 > -  used  t o  d i s s i p a t e  any i n d u c t i v e  

v o l t a g e  g e n e r a t e d ,  s ; , ~  I I C !  Lie arc be  ex t ingu i shed  suddenly e 

CR308 i s  used  t o  clamp t h e  e n t i r e  c i r c u i t  a t  a r e l a t i v e l y  low 

v o l t a g e  i E  l a r g e  t r a n s i e n t s  a r e  gene ra t ed  e x t e r n a l l y  by h igh  

v o l t a g e  a r c - o v e r s .  

- 

. 
K302 p e r m i t s  t h e  arc c u r r e n t  t o  

be r e g u l a t e d  a t  a second l e v e l  d u r i n g  engine  warmup; i t  i s  c o n t r o l l e d  

by t h e  p r o g r a m e r .  

T302 i s  t h e  source  of ca thode  h e a t e r  

c u r r e n t .  It i s  used t o  permit  swi t ch ing  a t  a low c u r r e n t  l e v e l  

and a l s o  t o  permi t  i n s u l a t i n g  t h e  r e l a y  froin t h e  h igh  v o l t a g e .  

The mag-amp c o n t r o l  winding,  c u r r e n t  

s ens ing  c i r c u i t r y  and a l l  o the r  swi t ch ing  i s  accomplished a t  

e s s e n t i a l l y  ground p o t e n t i a l .  
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Circuit Efficiency: 

Losses - 
Transistors 

Mag-Amp 

I-.  

15.8 watts 
- I  

.12 watts I 1 

Mag-Amp Diodes 1.2 watts 

Current Sensing & 1.1 watts 
DriverFi 1 t e r .6 watts 

Total System Losse's 18.82 watts 

Nominal power is 140 watts. 

x 100 = fm 140 
E f f '  = 140 + 18.82 v- 

Above does not include cathode heater supp as it is not used k 
during run phase of engine. i 

2.2.5.5 Circuit Pareters 
L 

-8 

Total weigheof electronic components 

is 1.23 lbs. 

Circuit Weight (does not include hardwar r structure): 

Transistors 50s2 gm. 

Diodes 38.5 gm. 

Relays 42.3 
AR301 (M.A.) 15.3 gm. 

T301 10.5 gm. 

T302 .29 l b .  

L303 .58 l b .  

Re s i s t or s 0.2 gm. 

Cap 7.6 gm. 

Totals 164.6 gm. 0.87 lb. 

.87 + 164.6 x .0022 = 1.23 lbs. 
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2 . 2 . 6  Vaporizer  Heater Power Supply 

2 . 2 . 6 . 1  Genera l  Discuss ion  

The v a p o r i z e r  h e a t e r  supply  i s  a n  

AC supply w i t h  a maximum ou tpu t  o f  f i v e  v o l t s  a t  f i v e  amperes 

RMS. The d e s i g n  approaches  a p p l i e d  t o  t h e  magnet power st?; 

a l s o  apply  here s i n c e  both s u p p l i e s  are  r e l a t i v e l y  c l o s e  i n  p x e r  

l e v e l .  A l l  of t h e  arguments i n  f a v o r  of t h e  magnet supply  des ign  

approach a l so  app ly  f o r  t h e  v a p o r i z e r  h e a t e r  power supply .  The 

o u t p u t  i s  n o t  r e g u l a t e d  b u t  i s  c o n t r o l l e d  e x t e r n a l l y  by e i t h e r  

t h e  a r c  c u r r e n t  o r  t h e  beam c u r r e n t ,  bu t  n o t  by both  s imul t aneous ly .  

2 . 2 . 6 . 2  C i r c u i t  D q s c r i p t i o n  

F i g u r e K z  is t h e  schemat ic  o f  t h i s  

d e s i g n .  

l e v e l  by a t r ans fo rmer  (TI). 
t h e  g a t e  windings  of mag-amp M1. 

amp a r e  d r i v e n  by  t h e  arc c u r r e n t  o r  the beam c u r r e n t  s i g n a l s  

which de termine  t h e  AC o u t p u t  of t h e  supply .  Output c u r r e n t  i s  

sensed  by a c u r r e n t  s ens ing  network (CTZ and a s s o c i a t e d  components) 

where a Dc v o l t a g e  i s  developed and a p p l i e d  t o  t h e  c o n t r o l  windings 

o f  t h e  mag-amp. C R 8  and CR9 fo rm an  OR g a t e .  When t h e  load  c u r r e n t  

i s  above a set v a l u e ,  t h e  voltage.  developed a t  CR9 exceeds t h a t  

The v a p o r i z e r  i npu t  v o l t a g e  is s t epped  t o  t h e  d e s i r e d  

This v o l t a g e  is then a p p l i e d  t o  

The c o n t r o l  windings of t h e  mag- 

of  C R 8 .  T h i s  makes t h e  cathode of CR8 more p o s i t i v e  than  i t s  

anode and the supply i s  i n  a c u r r e n t  r e g u l a t i o n  mode. .The supply  

w i l l  be p r o t e c t e d  a g a i n s t  over loads  and s h o r t  c i r c u i t s  i n  t h i s  

manner.  T h e  s e t t i n g  of  R2 de te rmines  t h e  maximum c u r r e n t  t h a t  

can  be drawn from t h e  v a p o r i z e r  supply .  Another c o n t r o l  (No. 2 )  

i s  o b t a i n a b l e  through a s e p a r a t e  b i a s  winding.  R4 w i l l  l i m i t  t h e  

c u r r e n t  th rough t h i s  winding. \ 
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2.2.6.3 Circuit Parameters: 

Power Losses : 

Reactors 0.3V x 2.5 x 2 = 1.5 watts 

Rectifier Diodes 0.7V x 2.5 x 2 = 3.5 watts 

Switching l o s sgs  0.1 x 3.5 = 0.35 watts 

Bleeder Resistor 

Control Losses 0.04 x 10 

= 0.5 

= 0.4 

Total Losses . = 6.25 watts 

Efficiency 

input = 25 + 6.25 = 31.25 watts 

output = 25 

efficiency = 25/31.25 x 100 = 80.5% 

Reactors 40 gms. 2 req. 80 g gms. 

Rect. Diodes > + I :'aG . :' ;Aq. 7.2 gms. ,. 

I' ' 7  14.0 P S .  Signal Diode j I . .  

Resistors -3 ",.I:*. 3:eq, 15.0gms. 

Current Transformer 40 g m s .  1 req. 40.0 gms. 

Capacitors 30 gms. 1 req. 30.0 gms. 

Total Weight 186.2 gms. = 

* 
0.410 lbs. 
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2 . 2 . 7  Programmer 

2 . 2 . 7 . 1  General D i scuss ion  

Proper o p e r a t i o n  of  t h e  EOS e l e c t r o n  bombardment 

cesium engine r e q u i r e s  t h a t  power be appl  i e d  i n  a p a r t i c u l a r  sequence. 

The cesium f u e l  m u s t  b e  preheated t o  l i q u i d  form, e l e c t r o n  e m i t t i n g  

ca thodes  must  be  p r t ' ~ i e c ~ ~ : P d ,  i ! C c t r L 4 f T q  m i x s t  be hea ted  t o  optimum 

tempera tu res ,  an  . 1 o i ,  2 i i l i ' t  i v  ' 7 ' i t d  a t  t h e  proper  t i m e .  . \  

Tile i o 1  10:~in;  I icgram i s  r e q u i r e d  t o  o p e r a t e  

t h e  EOS e l e c t r o n  bombardment engine: 

T ime  (Minutes)  Comma n d Func t ion  

S t a r t  Engine Command I n i t i a t e s  P rehea t  I Phase 

1. Misc. I n v e r t e r  ON 1. S t a r t s  low v o l t a g e  
-- - T + O  - 

i n v e r t e r ,  a c t i v a t e s  ca thode  

h e a t e r  , magnet power, a r c  

power and n e u t r a l i z e r  

ca thode  h e a t e r .  

2. Reservoi r  - Valve 2. Appl ies  power t o  

I n v e r t e r  ON Rese rvo i r  and Valve 

Hea te r s .  

T t- 30 

T f 60 

' 3 
I f  

Timer Command S t a r t  P rehea t  I1 Phase -- 
1. Turn p n  Engine 1. Arc c u r r e n t  i s  s t a r t e d  

Vaporizer Heater  w i th  wi th  feedback c o n t r o l  t o  

Leedback c o n t r o l  from warm engine  chamber and 

a r c  c u r r e n t .  e l e c t r o d e s .  

2. Turn o f f  Valve 2. No longer  needed, s i n c e  

Heater. v a l v e  i s  opened by  t h i s  

t ime . 
Clean Engine & S t a r t  
N e u t r a l i z e r  System 

-- T i m e r  Command 

1. Turn o f f  Vapor- 1. S top  cesium f l o w  t o  

i z e r  Heater.  engine  chamber. 
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2 .  Turn on Neu t ra l -  2 .  S t a r t  N e u t r a l i z e r  

i z e r  Vaporizer Hea te r  system. 

and r e g u l a t e  t o  simu- 

l a t e d  probe v o l t a g e .  

Turn on Engine Eeam -- - T -t 65  T i m e r  Command 

1. Turn on High 1. S t a r t  Beam. 

Vol tage  Supp l i e s .  

2. Turn on Engine 2.  - Beam r e g u l a t i o n .  

Vaporizer  and s w i t c h  

t o  beam c u r r e n t  

feedback . 
3 .  Switch Neu t ra l -  3 ,  Neut ra l  beam c u r r e n t  - 

i z e r  r e g u l a t i o n  t o  r e g u l a t i o n .  

beam p o t e n t i a l  

c o n t r o l .  

Shut  Down Engine 
-1_ 

System Command 

1.. Turn o f f  Misc. 1. Shuts  down Low Vol tage  

I n v e r t e r .  I n v e r t e r  . 
2. Turn o f f  High 2.  High Voltage o f f .  

Vol tage I n v e r t e r .  

c_ 

T i: 

I f  t h e  engine  i s  t o  be used f o r  a s i n g l e  c y c l e ,  

long term o p e r a t i o n  a s  a poss ib l e  power s o u r c e  f o r  l ong  d isLance  space  

f l i g h t s ,  t h i s  eng ine  turn-on cyc le  could  be d e r i v e d  a s  p a r t  of t h e  mas ter  

v e h i c l e  p r o g r a m  i n  t h e  Eorm o f  a s u b r o u t i n e ,  t hus  e l i m i n a t i n g  t h e  need 

for a s y s t e m  programmer .  S ince  f l i g h t  mode h a s  no t  been de termined ,  a 

f l i g h t  programmer h a s  been designed f o r  t h i s  power c o n d i t i o n i n g  sys tem,  

which w i l l  a c c e p t  an  engine  s t a r t / s t o p  command and f u n c t i o n  a c c o r d i n g l y .  
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2.2.7.2 Programmer Design Cons ide ra t ions  

"he programmer i n  t h i s  system i 5  used on ly  i n  
''Z 

suppor t  of t h e  l a b o r a t o r y  tes t .  

a s  be ing  t h e  s i m p l i s t  and most r e l i a b l e  way of performing t h i s  f u n c t i o n ,  

An e lec t ro -mechan ica l  timer was s e l e c t e d  

Mechanical T i m e r s ,  A mechanical  timer has  

been s e l e c t e d  a s  t h e  t iming device t o  be used i n  t h e  progranrmer f o r  t h i s  

sys t em,  because of i t s  proven - - L  I: a ' . i_lft;. ,  

used i n  prev ious  EOS i o n  enginp ;i/:+t r L :a.,-ts,:=,i;ig I r:-Cex: v e r y  s u c c e s s f u l l y  

and have ope ra t ed  both i n  t h e  l a b  and i n  space  wi thout  f a i l u r e .  

have been des igned  t o  meet space environments  and have s u c c e s s f u l l y  

ope ra t ed  i n  a n u c l e a r  r a d i a t i o n  environment.  

pX?ose d e ~ i c c s  have been 
. .  

They 

Most impor t an t ,  t hey  a r e  

una f fec t ed  by h igh  energy t r a n s i e n t s  caused by h igh  v o l t a g e  a r c i n g  e t  

t h e  engine.  

These mechanical devices a r e  motor d r i v e n  t y p e  

timers us ing  cam opera t ed  switches t o  produce t h e  d e s i r e d  p u l s e  duration, 
swi t ch ing  sequence and c y c l e  time. It c o n s i s t s  e s s e n t i a l l y  of a D.C. 

motor,  a d j u s t a b l e  cams a f f i x e d  t o  a cam s h a f t ,  m i n i a t u r e  micro-ewitches 

and a gear  t r a i n  connec t ing  the  motor t o  t h e  cam s h a f t .  An RF f i l t e r  is , 

used t o  minimize n o i s e  genera ted  by t h e  D.C. motor. 

enc losed  i n  a h e r m e t i c a l l y  sea l ed  c a s e  and weight is t e n  ounces. 

The t o t a l  dev ice  i s  

The cycle  t i m e  i s  determined by  t h e  motor 

used and t h e  g e a r  t r a i n .  

t h e  motor and i n d i c a t e  t h e  end o f  a cyc le .  

One swi tch  i n  t h e  timer i s  used t o  c o n t r o l  

The cams can  be a d j u s t e d  

t o  ene rg ize  t h e  command switches Iit any t ime dur ing  t h e  t iming  cycle. 

F igu re  13 i s  a schemat ic  diagram of the mechanical  timer t o  be used. 

2.2.7.3 Programmer Func t iona l  D e s c r i p t i o n  

The p r o g r a m e r  has  been des igned  t o  t u r n  on lo f f  

t h e  e l e c t r o n  bombardment cesium eng ine  upon r e c e i v i n g  on/off commands 

i n  t h e  form of p o s i t i v e  28 VDC p u l s e s  from t h e  s p a c e c r a f t  command system 

o r  from t he  ground t e s t  equipment. 

command, r e l a y  K l O l  will d i r e c t  t h e  system primary D.C. power vo t h e  

\ 

Upon r e c e i v i n g  an "engine*on" 

mechanical timer motor t o  s t a r t  t h e  eng ine  turn-on sequence. S ince  

6 7 80- IR- 1 
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primary power i n  t b l s  c a s e  is  d e r i v e d  from solar pane l s ,  t h e  v o l t a g e  4s 
expected t o  v a r y  from 50.4 VDC t o  84 VDC. 

accuracy a-~ld r e p e a t a b i l i t y ,  the t i m e r  motor v o l t a g e  is r e g u l a t e d  by a 

To o b t a i n  some degree  of 

s imple  ' emi t te r  fo l lower  r e g u l a t o r  consL6tfrrg of  Q l O l ,  CR105, and R102. 
As the  timer cams a r e  advanced by a c t i o n  of 

t imer  motor, each  t i m e r  switch is a c t i v a t e d  t o  provide  the system 

commands r equ i r ed .  

s u p p l i e s  i n  t h e  system by way of t h e  programmer i n t e r f a c e  connector .  

Blocking d iodes  a r e  placed i n  s e r i e s  wi th  t h e  command l ines t o  a l l o w  

Each command i s  r o u t e d  t o  t h e  a p p r o p r i a t e  power 

manual c o n t r o l  of t h e  system during ground t e s t s  w i thou t  interaarim, 
Since  these  d i o d e s  are n o t  necessary dur ing  f l i g h t ,  a f l i g h t  connector 
w i l l  be used t o  provide connect ions between t h e  timer and t h e  eystern 

d iLec t 1 y . 
As t he  timer completes t h e  "turn-on" cycle, 

t h e  i n t e r n a l  motor switch, S1, is  a c t i v a t e d .  S1, i n  t u r n ,  e n e r g i z e s .  

r e l a y  K102,'which t u r n s  o f f  motor power. The programmer i s  now i n  a 

s t a t i c  s t a t e ,  drawing no power from tho  prime power s o u r c e  w h i l e  the 

engine  i s  i n  f u l l  ope ra t ion .  

A "system off" command is given t o  s h u t  t h e  

engine  down. 

command t o  t h e  system r e l a y s  by way of r e l a y  Kl.02, 

e n e r g i z e s  t h e  timer motor again.  The timer w i l l  now r e s e t  i t s e l f  back 

to t h e  zero  p o s i t i o n  where i t  w i l l  a g a i n  ene rg ize  Kl02 and t h u s  turn 
o f f  i t s  own 'operatiGg power. 

r eady  t o  accept  t h e  next  "sys tea  on" command for t h e  next engine  turn-on 

sequence. 

This command ellergized r e l a y  KIQI, which a p p l i e s  a tu rn-of f  

This a c t i o n  a l s o  

The programmer i s  again i n a c t i v e  and is 

e 

Diodes, CRlOl through CR104, a r e  used t o  c o n t r o l  

t h e  v a p o r i z e r  h e a t e r  power supply a t  t h e  r e q u i r e d  times and prevent  

command i n t e r a c t i o n  t o  t h e  o ther  system func t ions .  

Res i s to r ,  R101, i s  a series dropping r e s i s t o r  

t o  l i m i t  power d i s s i p a t i o n  i n  the command r e l a y s  throughout  t h e  system. 

Command d u r a t i o n  i s  minimized t o  t h r e e  minutes.  This  minimum p u l s e  
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per iod  i s  l i m i t e d  by timer cam c o n f i g u r a t i o n  and r e l i a b l #  mi- 
a c t i v a t i b n  parameters .  

' # '  

~ .A. 4 - -  - - 

R e s i s t o r s  R103 and R 1 0 4  provide  a t e l e m e t r y  

s i g n a l  t o  i n d i c a t e - t h a t  vo l t age  i s  a p p l i e d  t o  t h e  timer & t o r  and i s ,  

t h e r e f o r e ,  ope ra t ing .  

A. 

C. 

D. 

E. 

F. 

G. 

Motor: D i r e c t  c u r r e n t  permanent magnet f i e l d  - 
( S t a r t )  

(Running) 45 milliamps nominal 

28 Volts ,  100 mi l l iamps  maximum 

Switches:  P r e c i s i o n  snap a c t i o n  type  SPDT - 
Contact  Rating: 2.5 amps i n d u c t i v e ,  5 amps 

r e s i s t i v e  a t  28 VDC 

Cycle Time: 75 minutes + 10% a t  25OC 

75 minutes t 15% - 55OC t o  +125OC 
- 
- 

Switch S e t t i n g s :  + 2% of s p e c i f i e d  time i n  r e l a t i o n  t o  t o t a l  

cyc le  time. 
I 

L i f e  and c y c l e s  t o  be s p e c i f i e d  acco rd ing  t o  system o p e r a t i n g  

requi rements .  

Environmental  s p e c i f i c a t i o n s  acco rd ing  t o  o v e r a l l  system r e q u i r e -  

ments, s t a t e d  elsewhere i n  t h i s  r e p o r t ,  

E n t i r e  u n i t  t o  be h e r m e t i c a l l y  s e a l e d  and purged wi th  d r y  

n i t r o g e n  . 
A prototype u n i t  has  been f a b r i c a t e d  and 

f u n c t i o n a l l y  checked s u c c e s s f u l l y .  

The Voltage Regularor .  

v o l t a g e  r e g u l a t o r  i s  used t o  r e g u l a t e  t h e  s o l a r  pane l s  power t o  t h e  timer 

motor. 

times are i n  d i r e c t  r e l a t i o n s h i p  t o  t h e  timer ntotox speed.  The e m i t t e r  

f o l l o w e r  des ign  was s e l e c t e d  t o  provide s u f f i c i e n t  r e g u l a t i o n  and s t i l l  

An e m i t t e r  fo l lower  

This  i s  necessa ry  t o  maintain timer accuracy ,  s i n c e  command 

6 780- I R- 1 55 



minimize power d i s s i p a t i o n  and component s i z e s  and weight .  Regu la t ion  

of 4% can be expec ted  over t h e  envi ronmenta l  range .  This i s ' a d e q u a t e  - 
s ince  t h e  engine  programming accuracy i s  no t  s t r i n g e n t .  

All components s e l e c t e d  i n  t h e  d e s i g n  a l l o w  a 

100% s a f e t y  f a c t o r  i n  t h e  worst case c o n d i t i o n .  

R e s i s t o r  R l O l  is i n  s e r i e s  w i t h  t h e  sys tem 

r e l a y  comnmnd power c o n t r o l l e d  by t h e  t imer .  I t s  v a l u e  i s  s e l e c t e d  t o  

l i m i t  power d i s s i p a t i o n  i n  t h e  r e l a y  c o i l s .  

of t h e  wide i n p u t  v o l t 2 g e  range of 50 - 84 VDC and t h e  d e s i g n  l i m i t a t i o n s  

of  t h e  system r e l a y s .  

This was n e c e s s a r y  b&cauere 

The system r e l a y s  have 3 K dua l  c o i l s  which are 

r a t e d  f o r  50 VDC o p e r a t i o n .  Maximum recommended power d i s s i p a t i o n  of 

t h e s e  r e l a y s  a t  1 2 5 O C  i s  1.25 wat t s .  The v a l u e  of R l O l  w i l l  v a r y  i f  

t h e  number of r e l a y s  t o  be commanded by one t i m e r  swi t ch  exceeds t h e  

maximum of 5 p r e s e n t l y  used. 
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2 . 2 . 8  N e u t r a l i z e r  System 

2.2.8.1 General 

The n e u t r a l i t e r  c o n s l s t s  of a ca thode ,  a cesium 

v a p o r i z e r  o r  f eed  system and an eng ine  beam p o t e n t i a l  probe. A.C.  power 

i s  required f o r  t h e  ca thode  and v a p o r i z e r  l i ea t e r s  wh i l e  D.C.  b i a s  power 

i s  r e q u i r e d  f o r  t h e  beam p o t e n t i a l  probe. 

I n t e r n a l  feedback  r e g u l a t i o n  i s  not  r e q u i r e d  

i n  any of t h e s e  power s u p p l i c s ,  a s  t h e  vapoyizer  i s  c o n t r o l l e d  by t h e  

beam o r  probe p o t e n t i a l  i n  a system feedback l ~ o p .  Regard less  of  

h e a t e r  power and b i a s  v o l t a g e  v a r i a t i o n s ,  t he  c o n t r o l  of t h e  v a p o r i z e r  

h e a t e r  b y  t h e  probe ( o r  beam) p o t e n t i a l  r e g u l a t e s  t h e  system f o r  maximum 

n e u t r a l i z a t i o n ,  s i n c e  t h e  beam ( o r  probe)  p o t e n t i a l  i s  i n v e r s e l y  

p r o p o r t i o n a l  t o  t h e  degree  of  n e u t r a l i z a t i o n .  The feedback i s  such t o  

i n c r e a s e  t h e  v a p o r i z e r  power, and hence e l e c t r o n s  a v a i l a b l e  f o r  

n e u t r a l i z a t i o n  o f  t h e  beam wi th  i n c r e a s i n g  beam p o t e n t i a l .  

- 

2.2 .8 .2  Circuit" Eva lua t ion  

It was found t h a t  e f € i c i e n c y  i s  h i g h e r  

::. .*'izing t h e  low v o l t a g e  i n v e r t e r  t r ans fo rmer  secondary  windings, s i n c e  

_ . -  ron l o s s e s  (and weight )  of the s e p a r a t e  t r ans fo rmer  technique a r e  

e i i m i n a t e d .  The copper l o s s e s  i n  t h i s  c a s e  may be h i g h e r  o r  lower ,  

depending upon t h e  r e l a t i v e  number of t u r n s  r e q u i r e d  t o  provide  t h e  

o u t p u t  vo l t age .  Any i n c r e a s e  i n  copper l o s s e s ,  i s ,  however, o f f s e t  by 

t h e  d i f f e r e n c e  i n  i r o n  losses as they a r e  che greater p o r t i o n  of t h e  

power l o s t .  The iron l o s s e s  o f  the  low v o l t a g e  i n v e r t e r  t r ans fo rmer  

a r c  c o n s t a n t  and independent  of  load o r  ou tpu t  v o l t a g e .  

With t h i s  r e a s o n i n g ,  i t  was dec ided  t o  d e r i v e  

t h e  r e q u i r e d  power supply v o l t a g e s  d i r e c t l y  from secondary windings on 

tlie iow v o l t a g e  i n v e r t e r  t ransformer .  

i 
I '  
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N e u t r a l i z e r  Cathode. The requi rements  of t h e  
\ 

neutralizer cat!icdc !]eater  a r e  r e l a t i v e l y  simple: 
LI 
of A .  C. v o l t a g e  w i t h  turn-on and turn-of f  c a p a b i l i t i e s  and ins t rumenta-  

t i o n  f o r  remote measuring o f  the output  v o l t a g e  and c u r r e n t .  Th i s  f i x e d  

an  unregulated source  
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t h e  c o n f i g u r a t i o n  o f  t h i s  power supply  t o  t h a t  of  a SPDT l a t c h i n g  r e l a y  

t o  connect  and d i sconnec t  t h e  ca thode  h e a t e r  from t h e  master  t r a n s f o r p e r  

secondary winding. 

A measure of t h e  r m s  l e v e l  of  t h e  ou tpu t  

v o l t a g e  ( q u a s i  s q u a r e  wave) i s  ob ta ined  by r e c t i f y i n g  a sample of t h e  

o u t p u t  v o l t a g e  and t h e n  i n t e g r a t i n g  t h i s  w i th  a n  RC f i l t e r .  

A measure of t h e  ou tpu t  c u r r e n t  i s  ob ta ined  by 

means of a c u r r e n t  t r ans fo rmer  connected i n  s e r i e s  w i th  l i n e .  The 

t r ans fo rmer  s t e p  up t h e  small  v o l t a g e  drop  appea r ing  a c r o s s  i t s  pr imary 

c i r c u i t .  The pr imary and secondary v o l t a g e s  a r e  p r o p o r t i o n a l  t o  t h e  

l i n e  c u r r e n t .  The secondary vo l t age  i s  r e c t i f i e d  and f i l t e r e d  t o  o b t a i n  

a D.C. v o l t a g e  p r o p o r t i o n a l  t o  t h e  r m s  v a l u e  of t h e  load  c u r r e n t .  

Continuous ad jus tment  of t h e  o u t p u t  v o l t a g e  

i s  not  necessary .  Once the  optimum v o l t a g e  f o r  a p a r t i c u l a r  engine  i s  

de termined ,  i t  c a n  be s e t  permanently. This  w i l l  be accomplished by 

m u l t i p l e  t a p s  on t h e  master  i n v e r t e r  t r ans fo rmer  secondary.  

Beam Probe Bias Supply. The b i a s  supply  

-3sists o f  a s i r :ple  f u l l  wave r e c t i f i e r  w i t h  turn-on  and tu rn -o f f  

<L,~-. , a b i l i t i e s .  

A f u l l  wave r e c t i f i e r  w i th  c e n t e r  tapped 

t r ans fo rmer  secondary was s e l e c t e d  ove r  t h c  s imple r  f u l l  wave b r idge  

r e c t i f i e r  a s  t h e  d i o d e  l o s s e s ,  which were t h e  g r e a t e s t  p o r t i o n  of t h e  

c i r c u i t  l o s s e s ,  were double those  o f  t h e  two d i o d e  c i r c u i t .  The c e n t e r  

t a p  secondary winding,  though r e q u i r i n g  twice t h e  number of t u r n s  a s  

t h e  f u l l  wave b r i d g e  c i r c u i t ,  w i l l  have t h e  same copper  l o s s e s .  

A choke inpu t  LC f i l t e r  was s e l e c t e d  f o r  i t s  

l oad  r e g u l a t i n g  c h a r a c t e r i s t i c  and because t h e  choke w i l l  a l s o  prevent  

h igh  i n i t i a l  su rge  c u r r e n t s  t h a t  occur  w i t h  a c a p a c i t o r  i npu t  f i l t e r .  

In s t rumen ta t ion  f o r  measuring t h e  ou tpu t  v o l t a g e  

c o n s i s t s  of a s imple  r e s i s t i v e  vo l t age  d i v i d e r .  I n s t r u m e n t a t i o n  f o r  

measuring t h e  D.C. ou tpu t  c u r r e n t ,  however, p r e s e n t s  a much more complex 

problem. A l o w  v a l u e  o f  r e s i s t a n c e  could  be‘ inser ted  i n  ser ies  wi th  t h e  

oc 
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o u t p u t  t o  measure t h e  c u r r e n t ,  bu t  t h i s  i s  i m p r a c t i c a l  and w a s t e f u l  of 

power, s i n c e  a f u l l  s c a l e  output  of 5 v o l t s  i s  r equ i r ed .  A low r e s i s t a n c e  

shunt  could a l s o  be used t o  measure t h e  c u r r e n t  and t h e  r e s u l t i n g  v o l t a g e  

drop  a c r o s s  i t  a m p l i f i e d  by a s o l i d  s t a t e  D.C. a m p l i f i e r .  

4 s t p b l e  s o l i d  s t a t e  D.C. a m p l i f i e r ,  however, 

31.. 7 P I  ; . i b i l i t y .  I n s t e a d ,  t h e  

magnet ic  t r a n s d u  L ~ c  _1 J ;  d Lurren t  was s e l e c t e d .  These 

dev ices  a r e  i n h e r e n t l y  s t a b l e  and h i g h l y  r e l i a b l e  and can be des igned  

t o  have low power l o s s .  

Vaporizer Heater .  The requi rements  of  t h e  

v a p o r i z e r  h e a t e r  supply a r e  t o  have turn-on and tu rn -o f f  c a p a b i l i t i e s  

and t o  supply  con t inuous ly  c o n t r o l l a b l e  power t o  t h e  v a p o r i z e r  h e a t e r .  

This cont inuous  c o n t r o l  must be accomplished by a p p l i c a t i o n  o f  a p o s i t i v e  

D.C. v o l t a g e  f o r  use  i n  a feedback c o n t r o l  loop.  In  a d d i t i o n ,  instrumen- 

t a t i o n  must be  provided f o r  remote measurement of t h e  ou tpu t  v o l t a g e  

and c u r r e n t  ( r m s  v a l u e s ) .  

Turn-on and tu rn -o f f  c a p a b i l i t i e s  a r e  provided 

by a double  p o l e ,  double  throw l a t c h i n g  r e l a y ,  which opens t h e  c o n t r o l  

and b i a s  windings of a s a t u r a b l e  r e a c t o r ,  which i s  used t o  c o n t r o l  t h e  

ou tpu t  v o l t a g e .  This  technique  was used r a t h e r  t han  swi t ch ing  t h e  l i n e  

d i r e c t l y  so t h a t  a lower r a t i n g  and smaller r e l a y  might be used. 

S i l i c o n  c o n t r o l l e d  r e c t i f i e r s  were cons ide red  

a s  t h e  a c t i v e  element t o  c o n t r o l  tlie o u t p u t  power, b u t  t h e i r  swi t ch ing  

- l o s s e s  a r e  e x c e s s i v e  a t  t h e  ope ra t ing  f requency  (10 Kc). I n  a d d i t i o n ,  

problems a r e  a l s o  encountered  i n  p r o p e r l y  d r i v i n g  two S C R ' s  t o  o b t a i n  

f u l l  wave s w i t c h i n g ,  S ince  a balanced A.  - C .  l i n e  was no t  used. 

The use of t r a n s i s t o r s  a s  se r ies  r e g u l a t i n g  

o r  swi tch ing  e lements  w a s  also cons ide red ,  b u t  a l s o  found t o  have 

e x c e s s i v e  power l o s s e s .  

T h e  use of a s imple  s a t u r a b l e  r e a c t o r  t o  c o n t r o l  

t h e  v a p o r i z e r  h e a t e r  v o l t a g e  was s e l e c t e d  on t h e  b a s i s  of low power 

l o s s e s  and h i g h  r e l i a b i l i t y ,  This t echn ique  has  s e v e r a l  advantages:  
\ 

Pt  

6780- IR- 1 59 



t h e  c o n t r o l  c i r c u i t s  a r e  e l e c t r i c a l l y  i s o l a t e d  from t h e  ou tpu t  c i r c u i t ;  

m u l t i p l e  c o n t r o l  windings may be used t o  o b t a i n  many d e s i r a b l e  

c h a r a c t e r i s t i c s ;  and s a t u r a b l e  r e a c t o r s  a r e  ex t remely  rugged. 

I n  a d d i t i o n  t o  turn-on and t u r n - o f f  c a p a b i l i t i e s ,  

means a r e  provided  t o  swi t ch  the v a p o r i z e r  c o n t r o l  from a f i x e d  s imula t ed  

beam p o t e n t i a l  t o  t h e  a c t u a l  beam p o t e n t i a l .  Th i s  c a p a b i l i t y  i s  provided 

by a DPDT l a t c h i n g  r e l a y ,  which swi t ches  t h e  s a t u r a b l e  r e a c t o r  c o n t r o l  

winding between t h e s e  two po in t s  on command from t h e  sys tem programmer. 

The in s t rumen ta t ion  used i s  i d e n t i c a l  t o  t h a t  

used  on t h e  cafhode  h e a t e r  supply. 

o u t p u t  v o l t a g e  a sample of i t  i s  r e c t i f i e d  and f i l t e r e d ,  p rov id ing  a 

D.C. ou tpu t  v o l t a g e  p ropor t iona l  t o  t h e  o u t p u t  rms v o l t a g e .  A q u a s i  

c u r r e n t  t r ans fo rmer  i n  t h e  r e t u r n  s i d e  of t h e  A.C.  l i ne  samples t h e  

o u t p u t  c u r r e n t .  

i s  s tepped  up by t h e  t ransformer  producing an A.C. v o l t a g e  of s e v e r a l  

v o l t s .  This v o l t a g e  i s  r e c t i f i e d  and f i l t e r e d  t o  g i v e  a D.C. v o l t a g e  

p r o p o r t i o n a l  t o  t h e  ou tpu t  c u r r e n t .  

To o b t a i n  a measure of t h e  A.C.  

- 
The small  v o l t a g e  d rop  a c r o s s  t h e  t r ans fo rmer  pr imary 

A ’  2.8.3 C i r c u i t  D e s c r i p t i o n  

A f u n c t i o n a l  b lock  diagram of  t h e  n e u t r a l i z e r  

i s  shown i n  Fig. 14. Here it can be  seen  t h a t  t h e  ca thode  h e a t e r  i s  

independent  of t h e  o t h e r  supp l i e s .  

The probe b i a s  supply  i s  a common f u l l  wave 

r e c t i f i e r  and f i l t e r .  The probe i s  f ed  through a s e r i e s  r e s i s t a n c e  so 

t h a t  t h e  o u t p u t  or  probe v o l t a g e  i s  lower than  the-power supply  ou tpu t .  

The t r u e  beam v o l t a g e  i s  fed back t o  c o n t r o l  t h e  v a p o r i z e r  ou tpu t  power 

d u r i n g  normal o p e r a t i o n .  

o u t p u t  i s  used t o  s i m u l a t e  t h e  probe p o t e n t i a l .  

modes is  accomplished by means of a DPDT l a t c h i n g  r e l a y .  

During t h e  warmup mode t h e  power supply  

S e l e c t i o n  of t h e s e  

The vapor i ze r  h e a t e r  c o n s i s t s  of a s a t u r a b l e  

r e a c t o r  which c o n t r o l s  t h e  output by means of t h e  beam probe p o t e n t i a l .  

These items comprise  a feedback c o n t r o l  l oop  which o p e r a t e s  t o  maximize 

n e u t r a l i z a t i o n .  
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I n  a d d i t i o n ,  each supp ly  has  i n s t r u m e n t a t i o n  

a v a i l a b l e  f o r  making remote measurements of a l l  t h e  o u t p u t  v o l t a g e s  

and currents . 
The d e t a i l e d  o p e r a t i o n  of t h e  n e u t r a l i z e r  i s  

e a s i l y  expla ined  w i t h  r e f e r e n c e  t o  t h e  n e u t r a l i z e r  schemat ic  i n  Fig.  15. 

The cathode h e a t e r  r e c e i v e s  A . C .  power from 

the low v o l t a g e  i n v e r t e r  a t  a frequency of 1 0  Irc. The v o l t a g e  i s  

a d j u s t a b l e  t o  two leve ls  a t  2.6 and 3.9 v o l t s  by c h a n g h g  t a p s  on t h e  

ou tpu t  of t he  i n v e r t e r  t ransformer .  A more f l e x i b l e  form of ad jus tment  

i s  no t  necessa ry  a s  t h e  adjustment  is  permanent once t h e  engine  i s  set  

UP 
Propor t iona l  D.C. ana log  v o l t a g e s  g i v e  a measure 

of t h e  ou tpu t  v o l t a g e  and cu r ren t .  

which i s  a q u a s i  squa re  wave. R410 and C402 comprise  an  i n t e g r a t i n g  

f i l t e r ,  which ave rages  t h e  r e c t i f i e d  ou tpu t  from CR404. R e f e r r i n g  

t o  Fig.  1 6 , i d e a l l y  t h e  rms v a l u e  of a q u a s i  squa re  wave i s :  

CR404 r e c t i f i e s  t h e  o u t p u t  v o l t a g e ,  

w h i l e  t h e  ave rage  v a l u e  of  t h e  ha l f  r e c t i f i e d  wave i s :  
?t 

The f a c t  t h a t  t h e  average  va lue  i s  no t  r e l a t e d  t o  t h e  rms v a l u e  i n  a 

l i n e a r  manner is  immate r i a l ,  s i n c e  c a l i b r a t i o n  curves  of t h e  ave rage  

v o l t a g e ,  a s  a f u n c t i o n  of t h e  rms v a l u e  of t h e  ou tpu t  v o l t a g e ,  w i l l  be 

a v a i l a b l e .  The v o l t a g e  drop  across  CR404 (and CR406 i n c u r r e n t  c i r c u i t )  

w i l l  a l s o  c o n t r i b u t e  t o  t h e  non l inea r  r e l a t i o n s h i p .  R e s i s t o r s  R409 and 

R419 provide  d i s c h a r g e  pa ths  f o r  the  f i l t e r  c a p a c i t o r s  i n  t h e  even t  

t h e  c i r c u i t  i s  o p e r a t i n g  and t h e  i n s t r u m e n t a t i o n  c i r c u i t s  a r e  n o t  i n  

use.  

- 

Transformer T401, i n  se r ies  w i t h  t h e  load  
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impedance, p rov ides  a means of measuring t h e  ou tpu t  current of t h e  

ca thode  h e a t e r .  T401 is  a c u r r e n t  t r ans fo rmer  t h a t  r e f l e c t s  a v e r y  

l o w  impedance i n t o  i t s  primary c i r c u i t  and ,  t h u s ,  has  l i t t l e  e f f e c t  

upon t h e  o u t p u t  c i r c u i t  c u r r e n t .  The ou tpu t  c u r r e n t  deve lops  a small 

v o l t a g e  drop a c r o s s  t h e  t ransformer  pr imary ,  which i s  s tepped  up t o  

s e v e r a l  v o l t s  on t h e  secondary s i d e .  The v o l t a g e  developed a c r o s s  R413, 

which p r o p o r t i o n a l  t o  t h e  primary c u r r e n t ,  i s  r e c t i f i e d  by CR406. The 

r e s u l t i n g  r e c t i f i e d  v o l t a g e  i s  f i l t e r e d - a n d  aceraged  by R416 and C404. 

This  D.C. v o l t a g e  i s  a measure of t h e  rms v a l u e  of  t h e  o u t p u t  c u r r e n t .  

Bias  Supply. A.C.  power f o r  t h e  b i a s  supply  

i s  provided by a c e n t e r  tapped winding on t h e  l o w  v o l t a g e  i n v e r t e r  

t r ans fo rmer .  Three t a p s  provide 9 ,  13 ,  14 v o l t s  r m s .  Relay K402 

swi t ches  power t o  t h e  c i r c u i t  apply ing  power t o  r e c t i f y i n g  d iodes  CR401 

and CR402. L401 and C401 form a choke inpu t  f i l t e r ,  which w i l l  r educe  

the  ou tpu t  r i p p l e  v o l t a g e  t o  one p e r c e n t  o r  less .  R e s i s t o r s  R407 and 

R408 form a D.C. v o l t a g e  d i v i d e r  f o r  remote measurement o f  t h e  power 

supp ly  ou tpu t  v o l t a g e .  Tic iL) i -  1, % l  , : t  i e s  dropping r e s i s t o r  used t o  feed  

t h e  b i a s  v o l t a g e  t o  t. ' 3 ; , J a l l o w  the  probe p o t e n t i a l  t o  

d rop  t o  lower va lues .  

- 

Sa tu rab le  r e a c t o r  L403 c o n t r o l s  an a l t e r n a t i n g  

c u r r e n t  th rough R414. The d r i v i n g  v o l t a g e  i s  de r ived  from one s i d e  of 

t h e  c e n t e r  tapped  d r i v i n g  t ransformer .  The v o l t a g e  d rop  a c r o s s  R414 

i s  r e c t i f i e d  by CR407 and i n t e g r a t e d  and f i l t e r e d  by R417 and C405. 

Bias  supply c u r r e n t  pas s ing  through t h e  c o n t r o l  winding of  L403 c o n t r o l s  

t h e  c u r r e n t  th rough R414, and hence t h e  D.C.  v o l t a g e  a c r o s s  C405. This  

v o l t a g e  i s  a measure of t h e  b ias  supp ly  c u r r e n t .  

The beam probe v o l t a g e  and t h e  b i a s  supply  

v o l t a g e  a r e  each fed  t o  t h e  vapor i ze r  h e a t e r  c i r c u i t  th rough t h e  c o n t a c t s  

, of  r e l a y  K403 which se lec ts  t h e  feedback mode. 

C i  Vaporizer Heater .  A.C.  power i s  supp l i ed  t h e  

v a p o r i z e r  h e a t e r  from a mul t ip l e  tapped secondary winding on t h e  low 

v o l t a g e  i n v e r t e r  t ransformer .  Voltages a v a i l a b l e  a r e  2.6 and 3 . 9  v o l t s  r m s .  
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Relay K404, which i s  c o n t r o l l e d  by t h e  system 

programmer, swi t ches  power t o  t h e  c o n t r o l  and b i a s  windings of  L402. 

When t h e  c o n t r o l  and b i a s  windings a r e  opened, the  c o r e s  of L402 a r e  

unab le  t o  s a t u r a t e , h o l d i n g  the dev ice  i n  an  o f f  c o n d i t i o n .  

L402 provides  cont inuous  c o n t r o l  of t h e  v a p o r i z e r  output  power. 

I n  a d d i t i o n ,  

The c o n t r o l  winding o f  L4G" 3 - ' .  ii 1 , : , .  

c u r r e n t  from the beam probe p o t e n t i a l  o r  from t h e  bi;  : * i i , a ~ l y  '>rit::ct 

th rough r e l a y  K403. Reference d iode  CR403 ac ts  a s  a v o l t a g e  r e f e r e n c e  

f o r  t h e  feedback  s i g n a l .  Poten t iometer  R402 changes t h e  g a i n  and b i a s  

p o i n t  of  L402. 

t h e  b i a s  p o i n t ,  a b i a s  winding o f  opposite p o l a r i t y  i s  provided.  It i s  

c o n t r o l l e d  by poten t iometer  K406. A s t a b l e  b i a s  v o l t a g e  f o r  t h e  b i a s  

winding i s  provided  by r e fe rence  d iode  CR403. 

I n  o r d e r  t h a t  t he  g a i n  may be a d j u s t e d  wi tho6 t  d i s t u r b i n g  

Ins t rumen ta t ion  f o r  remote measurement of 

o u t p u t  v o l t a g e  i s  provided by CR405, R412, (2403, whi le  T402, R415, 

CR408, R418, and C406 provide  means of measuring t h e  ou tpu t  c u r r e n t .  

These c i r c u i t s  a r e  i d e n t i c a l  t o  t h o s e  used i n  t h e  ca thode  h e a t e r .  

2.2.8.4 C i r c u i t  Parameters  

The important  c i r c u i t  parimeters a r e  l i s t e d  i n  

t h e  fo l lowing  c h a r t .  A l l  q u a n t i t i e s  shown were c a l c u l a t e d  f o r  maximum 

power o u t p u t ,  but  bo not  inc lude  r e l a y  c o i l  losses.  
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2.2.9 High Voltage Power Supply 

2 .2 .9 .1  General D i scuss ion  

T h e  high v o l t a g e  power supp ly  c o n s i s t s  of a 

p o s i t i v e  high v o l t a g e  s e c t i o n  capable  of 2000 v o l t  D.C. ou tpu t  a t  408 

FA nominal and a n e g a t i v e  high v o l t a g e  s e c t i o n  capab le  of  -600 v o l t  

b ~,it.y..t '-3: :2'J mA maximum. Nei ther  of t h e s e  o u t p u t s  need t o  be r e g u l a t e d .  

The des ign  o f  t h e  h igh  v o l t a g e  supply was 

approached from t h e  s t andpo in t  of p rov id ing  t h e  necessa ry  h igh  v o l t a g e s  

by t h e  most e f f i c i e n t  and r e l i a b l e  method t h a t  would y i e l d  minimum 

weight  and package s i z e .  

of  f a s t  swi t ch ing  t r a n s i s t o r s  wi th  low s a t u r a t i o n  c h a r a c t e r i s t i c s .  

E f f i c i e n c y  was a l s o  a major concern i n  t h c  d e s i g n  of t h e  necessa ry  

t r ans fo rmers .  Core m a t e r i a l s  with low l o s s  c h a r a c t e r i s t i c s  were 

s e l e c t e d  and des ign  c o n s i d e r a t i o n s  minimized t h e  copper  l o s s e s .  

R e l i a b i l i t y  c o n s i d e r a t i o n s  have r e s u l t e d  i n  u t i l i z i n g  semiconductors  a t  

one-tmlf t h e i r  r a t e d  v o l t a g e  and  c u r r e n t  ratings. Pass ive  components 

! lave been used a t  one-half  t h e i r  power and v o l t a g e  r a t i n g s .  Considera- 

C i i . 1 1  i j a s  a l s o  g iven  t o  the  frequency of  o p e r a t i o n .  

t i o n  was t o  minimize package weight ,  s i z e  and power losses .  The s e l e c t i o n  

of  opera t ing- f requency  was based on t r a n s i s t o r  losses and t r ans fo rmer  

losses and weight .  

E f f i c i c n c y  c o n s i d e r a t i o n s  d i c t a t e d  t h e  u s e  

The prime cons ide ra -  

A s p e c i f i c  f e a t u r e  of t h e  power supply  i s  t h a t  

i t  u t i l i z e s  one c o n v e r t e r  and oEe o u t p u t  t r ans fo rmcr  wi th  t w o  secondary  

windings t o  p rov ide  t h e  two high v o l t a g e  ou tpu t s .  I n  t h e  p a s t ,  s e p a r a t e  

conve r t e r  c i r c u i t s  were used t o  produce t h e  two h igh  v o l t a g e s .  I n  so 

doing ,  two s e p a r a t e  nmdules were r e q u i r e d  which inc reased  system weight  

and reduced o v e r a l l  e f f i c i e n c y .  

v o l t a g e s  a r e  provided from one c o n v e r t e r  c i r c u i t ,  t he reby  maximizing 

e f f i c i e n c y  and minimizing s i z e  and weight .  

I n  t h e  approach t o  be used ,  bo th  ou tpu t  

2 .2 .9 .2  Des ign Cons i d e r a t  i o n s  

The input and ou tpu t  requi rements  f o r  t h e  

c o n v e r t e r  a r e  as fol lows:  \ 

C r  
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A. Input:  

Voltage: 56 VDC Nominal 

84 VDC Maximum 

B. Output: 

1) Voltages:  +2.00 KVDC (3 408 ma. 

-GOO VDC @ 20 ma. 

2)  T o t a l  Power: 816 Watts 

3 )  E f f i c i e n c y :  90% 

4 )  Size :  Minimum 

5 )  Weight: Minimum 

C. Other ,Re-: 

1) Provide  over load  p r o t e c t i o n  f o r  bo th  

v o l t a g e s .  

Provide  both ou tpu t  v o l t a g e s  from one 

c o n v e r t e r  (one t r ans fo rmer ) .  

2) 

3 )  Provide  t e l eme t ry  ou tpu t s .  

2.2.9.3 P a r t s  S e l e c t i o n  and Eva lua t ion  

The c r i t e r i a  used i n  t h e  s e l e c t i o n  of component 

p a r t s  was r e l i a b i l i t y .  

component p a r t s .  

r e c t i f i e r s ,  w i l l  be opera ted  a t  no g r e a t e r  t han  one-half  t h e i r  v o l t a g e  

and no g r e a t e r  t h a n  one-half  t h e i r  c u r r e n t  r a t i n g s  f o r  t h e i r  o p e r a t i n g  

temperature .  

t empera ture  of a t  l e a s t  25  C below t h e i r  r a t e d  t e m p d a t u r e .  

The final u n i t  can on ly  be a s  r e l i a b l e  a s  i t s  

A l l  semiconductors ,  except h i g h  v o l t a g e  

Semiconductors w i l l  be  ope ra t ed  a t  e s t i m a t e d  f u n c t i o n  
0 

High v o l t a g e  r e c t i f i e r s  w i l l  be r a t e d  a t  peak 

i n v e r s e  v o l t a g e s  of a t  l e a s t  two  and one-half  times t h e i r  u s e  r a t i n g  

and f o r  c u r r e n t  a t  l e a s t  two and one-half  t imes t h e i r  u se  r a t i n g ,  

t h e  event  of ove r loads ,  t h e  r e c t i f i e r s  w i l l  n o t  be s t r e s s e d  above one-half  

t h e i r  peak v o l t a g e  and c u r r e n t  r a t i n g s  f o r  the over load  c o n d i t i o n s .  

In 

Other components will be ope ra t ed  a t  no g r e a t e r  

? t h a n  one-half  t h e i r  v o l t a g e  o r  current;  r a t i n g .  

Lt 
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Wherever p o s s i b l e ,  component p a r t s  t h a t  a r e  
l i s t e d  on t h e  J P L  approved p a r t s  l i s t  have been used. 

Because of  t h e  n a t u r e  of t h e  d e s i g n ,  s p e c i f i c  

requi rements  have precluded the  use  of J P L  approved p a r t s  i n  some c a s e s .  

The ou tpu t  swi t ch ing  t r a n s i s t o r s ,  f o r  example,  have n o t  been approved 

‘ \I J T I .  I‘hi~ r c l c o  ?N2583 t r a n s i s t o r s  were a b s o l u t e l y  necessa ry  t o  

I i T , .  y1’ A c .  I t 1  <-.. Lhe power supply .  7. . 7 ,  

2.1.9.4 C i r c u i t  S e l e c t i o n  and Eva lua t ion  

The phi losophy employed i n  c o n s i d e r i n g  d e s i g n  

approaches f o r  t h e  h igh  v o l t a g e  supp ly  s t i p u l a t e d  t h a t  t h e  b a s i c  c i r c u i t  

be r e l i a b l e ,  h i g h l y  e f f i c i e n t ,  have minimum s i z e  and weight .  

o k j e c t  of t h e  h igh  v o l t a g e  supply i s  t o  conve r t  a low D.C. v o l t a g e  t o  

a high D.C. v o l t a g e ,  t h e  s imples t  d e s i g n  would be a s  shown i n  t h e  b lock  

diagram of Fig.  17. The diagram shows t h e  low D.C. v o l t a g e  coupled t o  

a swi tch ing  system. The swi tch  shown s e r v e s  t o  chop t h e  inpu t  D.C. 

power t o  a squa re  wave-a l te rna t ing  waveform. The squa re  wave v o l t a g e  i s  

then  s tepped  up t o  a high vol tage  by means o f  a t r ans fo rmer .  

secondary of  t h e  t r ans fo rmer ,  t h e  a l t e r n a t i n g  v o l t a g e  i s  r e c t i f i e d  and 

then  f i l t e r e d  t o  provide  t h e  r equ i r ed  h i g h  D.C. v o l t a g e .  This method 

o f  provid ing  a high  D.C. vo l t age  can be made ve ry  r e l i a b l e ,  h i g h l y  

c f r i c i c n t  and can r e s u l t  i n  a smal l ,  l i g h t w e i g h t  package i f  t h e  proper  

components a r e  used; i n  p a r t i c u l a r ,  h i g h l y  e f f i c i e n t  switches, t r a n s -  

formers  and r e c t i y i e r s  a r e  r equ i r ed  f o r  t h e  system. 

Since  t h e  

On t h e  

Recognizing t h a t  a D.C.  t o  D.C. c o n v e r t e r  

sys tern was r e q u i r e d ,  s e v e r a l  dcs ign  approaches were cons ide red .  Because 

of t h e  power l e v e l  (800 w a t t s ) ,  on ly  d r i v e n  c o n v e r t e r s  were g iven  

c o n s i d e r a t i o n .  

The i n p u t  c o n d i t i o n s  f o r  t h e  D.C. t o  D.C. 

c o n v e r t e r  a r e  a s  fol l .ows:  

= 56 VDC nominal and 84 VDC max. 
Ein 

= 15 amps max. = in 
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. .  The push-pull c o n v e r t e r  was f i r s t  cons ide red .  

A block  diagram of t h e  e i r c u i t  is shown i n  Fig. 18. Th i s  c i r c u i t  

c o n s i s t s  of an  o s c i l l a t o r  c i r c u i t  which serves a s  t h e  t i m e  base  f o r  

I "  

6780-IR-1 7 1  

t h e  system. 

t o  t h e  d r i v e  c i r c u i t s  shown. The d r i v e r  c i r c u i t s  t hen  power t h e  ou tpu t  

power a m p l i f i e r  s t a g e s .  It i s  in  t h e  power a m p l i f i e r  s t a g e s  rln- : t ' i . 3  

i n p u t  power i s  swi tched .  The vo l t age  s tep-up  t ransformat ic . ;  ; 3 

accomplished by t h e  t r ans fo rmer .  The r e c t i f i e r  c i r c u i t  shown cc-rve; t o  

r e c t i f y  t h e  o u t p u t  of t h e  t ransformer  and t h e  n e c e s s a r y  f i l t e r i n g  of 

r i p p l e  i s  accomplished by t h e  output f i l t e ; .  

The o s c i l l a t o r  o u t p u t  t hen  f eeds  two o u t  of phase s i g n a l s  

The push-pull approach has s e v e r a l  advantages :  

A. It is an  uncomplicated means of conve r t ing  D.C. v o l t a g e s .  

B. It is a h i g h l y  e f f i c i e n t  method when t h e  proper  t r a n s i s t o r s  
- 

and t r a n s f o r m e r s  are employed. 

I t  is a h i g h l y  r e l i a b l e  conve r s ion  method when h igh  r e l i a b i l i t y  

t r a n s i s t o r s  ere  used wi th in  t h e i r  rated  s p e c i f i c a t i o n s .  

C. 

D. It i s  a proven convers ion  method. Many w e l l  des igned  systems 

have been u s e d  s u c c e s s f u l l y  i n  space  a p p l i c a t i o n s .  

One d isadvantage  of t h e  push-pul l  approach 

i s  t h a t  t h e  t r a n s i s t o r s  must be a b l e  t o  wi ths t and  tw ice  the supply 

v o l t a g e .  For t h i s  a p p l i c a t i o n ,  t r a n s i s t o r s  must have c o l l e c t o r  t o  

e m i t t e r  breakdown v o l t a g e  g r e a t e r  t han  ( 2  x 84) 168 v o l t s .  Allowing f o r  

50% of t h e i r  r a t e d  v o l t a g e ,  t h e  t r a n s i s t o r  r e q u i r e d  must have a break- 

down of 336 v o l t s .  Most power t r a n s i s t o r s  on t h e  market today  have 

c o l l e c t o r  t o  e m i t t e r  breakdown vo l t ages  c o n s i d e r a b l y  l e s s  t han  336 v o l t s ,  

The bridge c o n v e r t e r  approach was a l s o  cons ide red  

f o r  t h i s  a p p l i c a t i o n .  A b lock  diagram of t h e  c i r c u i t  i s  shown i n  Fig. 19. 

The o s c i l l a t o r  s e r v e s  as  t he  conver te r  t ime base.  The out-of-phase 

s i g n a l s  from t h e  o s c i l l a t o r  se rve  as  inpu t  s i g n a l s  t o  t h e  d r i v e r  c i r c u i t s .  

The d r i v e r s ,  i n  t u r n ,  p rov ide  input power t o  t h e  power a m p l i f i e r s .  The 

~ power a m p l i f i e r s  a r e  connected in  a b r i d g e  c o n f i g u r a t i o n .  The ou tpu t  

t r a n s f o r m e r  s t e p s  up  t h e  vo l t age  from t h e  power a m p l i f i e r s  t o  t h e  
b? 

. 

, 
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r e c t i f i e r  c i r c u i t  where t h e  s i g n a l  i s  r e c t i f i e d .  Output r i p p l e  i s  

reduced by means of t h e  f i l t e r ,  

The br idge  c o n v e r t e r  'approach has  one d i s t i n c t  

advantage: t h e  main advantage of t h i s  c i r c u i t  i s  t h a t  each t r a n s i s t o r  

i n  t h e  c i r c u i t  i s  s u b j e c t e d  t o  only t h e  supply  v o l t a g e  d u r i n g  c u t o f f .  

Thus, t h e  l x i d g v  c j r c u i t  k r i l l  o p e r a t e  s a f e l y  w i t h  twice t h e  number of 

t r a n s i s t  ,I: 2 L - b  2 - L ?  ? i L I I ~ ~ :  does  f o r  t h e  same power and v o l t a g e  

r a t i n g s  . 
The d isadvantages  of t h e  b r i d g e  c i r c u i t  a r e :  

A. It r e q u i r e s  twice t h e  number of t r a n s i s t o r s ;  t h e r e f o r e ,  t h e  

t r a n s i s t o r  losses a r e  g r e a t e r .  

B. The o v e r a l l  e f f i c i e n c y  i s  less  t h a n  t h a t  of a push-pul l  c i r c u i t .  

C. The c i r c u i t  would be b u l k i e r  and h e a v i e r .  

- Before s e l e c t i n g  t h e  d e s i g n  approach,considera-  

t i o n  was g i v e n  t o  t h e  power t r a n s i s t o r s .  The r e q u i r e d  t r a n s i s t o r s  had 

t o  swi tch  15 amperes of c u r r e n t .  U t i l i z i n g  t h e  50% s a f e t y  f a c t o r ,  t h e  

c u r r e n t  r a t i n g  of t h e  t r a n s i s t o r  would be 30 amperes. I n  c o n s i d e r i n g  

t h e  v o l t a g e  r e q u i r e m e n t s ,  t h e  push-pull  i n v e r t e r  r e q u i r e d  a 336 v o l t  

t r a n s i s t o r ,  whereas t h e  br idge  c i r c u i t  requirement  was-only  168 v o l t s . ,  

b u t  t h e  t r a n s i s t o r  l o s s e s  a r e  doubled. 

To provide t h e  margin o f  s a f e t y  r e q u i r e d  f o r  

v o l t a g e  and c u r r e n t ,  two t r a n s i s t o r s  were cons idered .  One was t h e  

Westinghouse 2N2772 and t h e  o ther  was t h e  Delco 2N2583. 

A comparison of  l o s s e s  was made a s  a f u n c t i o n  . 
of frequency f o r  c u r r e n t  l e v e l s  of 10 and 5 amps. The r e s u l t s  a r e  shown 

i n  F i g , , 2 0 .  It can be seen  t h a t  t h e  Delco t r a n s i s t o r  i s  t h e  more 

e f f i c i e n t  u n i t  a t  both c u r r e n t  l e v e l s .  An added advantage i s  t h e  f a c t  

t h a t  t h e  Delco u n i t  can be obtained w i t h  breakdown v o l t a g e s  of 400 and 

500 v o l t s ;  making i t  p o s s i b l e  t o  employ t h e  t r a n s i s t o r s  i n  a push-pul l  

c i r c u i t .  On t h e  o t h e r  hand, t h e  Westinghouse t r a n s i s t o r s  a r e  r a t e d  a t  

250 v o l t s  maximum, r e q u i r i n g  them t o  be u s e d  i n  t h e  less  e f f i c i e n t  b r i d g e  

circuit. The only  advantage 01 t h e  Westinghouse t r a n s i s t o r  i n  t h i s  

a p p l i c a t i o n  was t h e  30 ampere c u r r e n t  r a t i n g ,  which would not  have 
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r e q u i r e d  p a r a l l e l i n g  of t r a n s i s t o r s .  The Delco t r a n s i s t o r ,  on t h e  o t h e r  

hand, a s  r a t e d  f o r  10 amperes maximum so t h a t  t h r e e  t r a n s i s t o r s  would be 

p a r a l l e l e d  f o r  each swi tch  of a push-pul l  c i r c u i t .  

As a r e s u l t  of t h e  comparison made, t h e  Delco 

2N2583 t r a n s i s t o r  was s e l e c t e d  f o r  t h e  power t r a n s i s t o r s  of t h e  h igh  

v o l t a g e  power supply.  P a r a l l e l e d  u n i t s  w i l l  be n e c e s s a r y ,  bu t  they  

provide  a c o n s i d e r a b l e  margin of s a f e t y  wi th  t h e  h i g h  v o l t a g e  break- 

down r a t i n g .  The p r i m e  reason  f o r  t h e i r  s e l e c t i o n ,  however, was because 

of  t h e i r  h igh  e f f i c i e n c y  a s  power swi t ches .  

Having made t h e  s e l e c t i o n  of power swi t ch ing  

t r a n s i s t o r s ,  t h e  nex t  t a s k  was t h a t  o f  s e l e c t i n g  t h e  most r e l i a b l e  and 

e f f i c i e n t  method of conve r t ing  t h e  low D.C. v o l t a g e  t o  t h e  necessa ry  

h igh  vo l t ages .  S ince  t h e  push-pul l  method i s  t h e  more e f f i c i e n t  approach,  

i t  w a s  s e l e c t e d  a s  t h e  b e s t  des ign  approach. The power t r a n s i s t o r s  

s e l e c t e d  a r e  a l s o  compat ib le  with t h e  des ign  approach chosen. The 

combinat ion o f  power t r a n s i s t o r s  and d e s i g n  approach s e l e c t e d  w i l l  

r e s u l t  i n  a h i g h l y  e r f i c i e n t  and r e l i a b l e  power supply.  

2 . 7 . 9 . 5  _- C i r c u i t  D e s c r i p t i o n  

l - i ~ ,  .re 21. shows a b lock  diagram o f  t h e  high 

v o l t a g e  power c ~ p p l y .  ‘ k . 1  ~ i a g r a m  shows a l l  of t h e  i n d i v i d u a l  s t a g e s .  

A d i s c u s s i o n  o f  t h e  va r ious  s t ages  i s  con ta ined  i n  t h e  fo l lowing  

paragraphs .  Reference t o  the  schematic  diagram, Fig.  22., will a l s o  

a i d  i n  unders tanding  t h e  c i r c u i t .  The 10 k c  c l o c k  shown i n  t h e  b lock  

diagram i s  used a s  t h e  s y s t e m  t i m e  basc .  The c i r c u i t  employed i s  an 

a s t a b l e  m u l t i v i b r a t o r .  Tlie output  from t h i s  c i r c u i t  i s  a 10 k c  square  

wave. 

The output  from t h e  m u l t i v i b r a t o r  c i r c u i t  i s  

used t o  d r i G e  a b i n a r y  c i r c u i t  where tlie i npu t  s i g n a l  i s  d iv ided  by two. 

The circuit, composed o f  Q 7 0 1  and 4702,  u t i l i z e s  p o s i t i v e  feedback i n  
such a manner t h a t  t h e  two t r a n s i s t o r s  tend toward o p p o s i t e  s t a t e s ,  

one o f f  and une on. Base t r i g g e r i n g  i s  used f o r  t h e  c i b u i t .  

\ 

The 5 Itc ou tpu t  waveforms from t h e  b i n a r y  

c o l l e c t o r  c i r c u i t s  a r e  coupled t o  two e m i t t e r  fo l lower  c i r c u i t s  composed 

6 
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bf 4708 and-4707.  These c i r c u i t s  a c t  as impedance matching c i r c u i t s .  

They p r e s e n t  a h i g h  impedance t o  c o l l e c t o r s  of t h e  b i n a r y  c i r c u i t  and 

have a low o u t p u t  impedance a t  t h e i r  e m i t t e r  c i rcu i t s .  

The out-of-phase ou tpu t  s i g n a l s  from t h e  emitter 

fo l lower  c i r c u i t s  a r e  then  used a s  i n p u t  s i g n a l s  t o  t h e  push-pul l  d r i v e r  

c i r c u i t ,  composed of 4710, 9711, 4712 and 4713. E m i t t e r  f o l lower  

c i r c u i t s  a r e  used t o  power the d r i v e r  o u t p u t  t r a n s i s t o r s ,  4712 and 4713. 

The t r a n s i s t o r s  used i n  the driver c i r c u i t  a r e  used a s  s a t u r a t e d  swi t ches .  

The squa re  wave o u t p u t  from the d r i v e r  c i r c u i t  i s  then  coupled t o  t h e  

base  c i r c u i t  o f  t h e  push-pul l  power a m p l i f i e r  c n n s i s t i n g  of 4715, Q716, 

4717, 4718, 4719 and 4720. The t r ans fo rmer  secondary  c i r c u i t  d e l i v e r s  

t h e  r e q u i r e d  v o l t a g e  and c u r r e n t  t o  s a t u r a t e  t h e  o u t p u t  power t r a n s i s t o r s .  

The power a m p l i f i e r  s t a g e  uses a t r i f i l a r  

wound t r ans fo rmer  (T702). The t r a n s f o r m e r  has  t h r e e  p a r a l l e l  pr imary 

windings. The windings a r e  commonly t e rmina ted  a t -  t h e  c o l l e c t o r s  of  

t h r e e  p a r a l l e l  power t r a n s i s t o r s .  I n  e f f e c t ,  t h r e e  t r a n s i s t o r s  a r e  

p a r a l l e l e d  f o r  each s i d e  of the push-pul l  c i r c u i t .  Each t r a n s i s t o r  

w i l l  u l t i m a t e l y  c a r r y  o n e - t h i r d  of t h e  t o t a l  c o l l e c t o r  c u r r e n t  when 

prorr-: 1 ;( ?a ! J ncnt! 

There a r e  c e r t a i n  advantages  t o  us ing  a t r i f i l a r  

t ransformer .  The main advantage of t h e  t r i f i l a r  scheme i s  t h a t  i t  

pe rmi t s  u s ing  s m a l l e r  wi re  fo r  each  winding. Th i s  i n s u r e s  t i g h t e r  

coup l ing  t o  t h e  c o r e ,  which r e s u l t s  i n  a smaller t r ans fo rmer .  To 

op t imize  t h e  o u t p u t  c i r c u i t  power, t r a n s i s t o r s  w i l l  be matched a s  

c l o s e l y  a s  p o s s i b l e  f o r  parameters  such as tu rn-on  t ime (t ), t u rn -  

o f f  time (t ), c o l l e c t o r  t o  e m i t t e r  s a t u r a t i o n  v o l t a g e  ( V  s a t ) ,  o f f  c e  
base -emi t t e r  s a t u r a t i o n  vo l t age  (Vbesa t ) ,  and c u r r e n t  g a i n  (h 

Matching of t h e s e  parameters  wi41  i n s u r e  a c l o s e  approximat ion  t o  a 

s i n g l e  swi t ch  by t h r e e  p a r a l l e l  t r a n s i s t o r s .  I n  a d d i t i o n ,  ba l anc ing  

r e s i s t o r s  w i l l  be used  i n  t h e  base c i r c u i t s  o f  t h e  o u t p u t , t r a n s i s t o r s  

t o  compensate f o r  any v a r i a t i o n s  i n  , t r a n s i s t o r  g a i n  c h a r , a c t e r i s t i c s .  

This w i l l  e n s u r e  c u r r e n t  d i v i s i o n  through t h e  power t r a n s i s t o r s .  

on 

). fe 
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The o u t p u t  t r ans fo rmer  (T702)’ has  two secondary 

windings.  The h i g h  v o l t a g e  winding d e l i v e r s  2000 v o l t s  and t h e  o t h e r  

wi.nding d e l i v e r s  600 v o l t s .  The des ign  of t h e  t r ans fo rmer  w i l l  i n s u r e  

t ha t  no breakdown w i l l  occur between e i t h e r  secondary windings o r  

secondary t o  pr imary ,  o r  secondary t o  co re .  A 10,000 v o l t  i n s u l a t i o n  

i s  provided.  

The f i r s t  secondary winding i s  r e c t i f i e d  by a 

f u l l  wave b r i d g e  c o n s i s t i n g  o f  d iodes  CR720, CR721, CR722 and CR723. 

The r i p p l e  of t h e  ou tpu t  vo l t age  i s  f i l t e r e d  by t h e  p i - type  network 

c o n s i s t i n g  of C711, C712 and L704. The i n d u c t o r  used i n  t h e  ou tpu t  f i l t e r  

s e r v e s  a n o t h e r  purpose i n  the c i r c u i t .  I n  c a s e  of  a s h o r t  on t h e  ou t -  

pu t  of t h e  power supp ly ,  i t  would s e r v e  a s  a c u r r e n t  l i m i t e r  i n  t h e  

c i r c u i t .  The f a u l t  c u r r e n t  w i l l  n o t  r i s e  i n s t a n t a n e o u s l y ,  bu t  a s  

determined by t h e  t i m e  cons t an t  of t h e  induc to r  and t h e  ou tpu t  r e s i s t o r ,  

t h i s  t ime c o n s t a n t  would then g i v e  the  over load  p r o t e c t i o n  c i r c u i t  t ime 

t o  sense  t h e  over load  and tu rn  o f f  t h e  supply ,  

The second secondary winding d e l i v e r s  600 v o l t s .  

This  v o l t a g e  i s  a l s o  r e c t i f i e d  by a f u l l  wave b r i d g e  c i r c u i t ,  c o n s i s t i n g  

of CR724, CR725, CR726 and CR727. The ou tpu t  r i p p l e  i s  minimized by 

t h e  output  f i l t e r  c o n s i s t i n g  of c a p a c i t o r s  C713, C714 and i n d u c t o r  

L705. A s  i n  t h e  c a s e  of t he  p o s i t i v e  h igh  v o l t a g e  o u t p u t ,  t h e  induc to r  

used i n  t h e  f i l . t e r  network also s e r v e s  t o  liplit t h e  f a u l t  c u r r e n t s  i n  

c a s e  o f  a heavy overl.oad on the  supply ,  The load  c u r r e n t  w i l l  no t  

r i s e  i n s t a n t a n e o u s l y ,  a s  determined by t h e  induc.tor L705 2nd t h e  oucput  

r e s i s t a n c e  on t h e  output .  

Overload c u r r e n t s  from bo th  ou tpu t  windings 

a r e  sensed by means of c u r r e n t  t r ans fo rmers  T 7 0 3  and T 7 0 4 .  Current  

t r ans fo rmer  T703 senses  t h e  c u r r e n t  through the  2000 v o l t  winding and 

T704 senses  t h e  c u r r e n t  through t h e  600 v o l t  winding. The o u t p u t s  

from the  c u r r e n t  t ransformers  a r e  r e c t i f i e d  by f u l l  wave r e c t i f i e r  

b r idges  composed of CR712, CR713, CF.714 and CR715 for t h e  2000 v o l t  

ou tpu t  and CR716, CR717, CR718 and C R 7 1 9  f o r  t h e  600 v o l t  ou tpu t .  

Averaging f i l t e r s  composed of C709 and L702 and C710 and L703 a r e  u s e d  

a 
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t o  f i l t e r  t h e  ou tpu t  from t h e  b r idge  r e c t i f i e r s .  Po ten t iome te r s  R731 

’ 1  
1 
3 

“I . 

i 

and R732 serve t o  a d j u s t  f o r  any pe rcen tage  of ove r load  c u r r e n t  r$quired.  

The v o l t a g e  a t  t h e  po ten t iome te r s  w i l l  be a l i n e a r  f u n c t i o n  of t h e  

c u r r e n t s  th rough t h e  secondar ies  of t h e  o u t p u t  t r ans fo rmer .  

The ou tpu t s  from bo th  ove r load  s e n s i n g  c i r c u i t s  

a r e  then  g a t e d  by an OR c i r c u i t .  I f  e i t h e r  t h e  2000 v o l t  c i r c u i t  of t h e  

600 v o l t  c i r c u i t  a r e  overlo.2de ! .:-I c s p ~ c  w i l l  a; pear x r o s s  r e s i s t o r  

R730. This w i l l  enab le  t u r n i n :  c?r2 the p c w r  s ~ y p l y  h-b,.n e i t h e r  c i r c u i t  

i s  overloaded.  

The output from t h e  over load  s e n s i n g  c i r c u i t s  

i s  then  used t o  f i r e  t h e  Schmitt t r i g g e r  c i r c u i t  composed of 4709 and 

4714. Adjustment of t h e  l e v e l  of i npu t  v o l t a g e  t o  t h e  t r i g g e r  c i r c u i t  

i s  provided by po ten t iome te r  R730. The o u t p u t  from t h e  Schmi t t  t r i g g e r  

i s  put  th rough s a t u r a t e d  s w i t c h ,  4708. When t h e  swi t ch  i s  open, t h e  

c o l l e c t o r  v o l t a g e  back b i a s e s  two d iodes  of an  AND c i r c u i t .  In t h i s  

c o n d i t i o n ,  t h e  s i g n a l  from t h e  b i n a r y  c i r c u i t  i s  g a t e d  through t h e  AND 

c i r c u i t  t o  t h e  rest of t h e  system to provide  t h e  proper  D.C. v o l t a g e s  

a t  t h e  ou tpu t .  When t h e  Schmitt t r i g g e r  c i r c u i t  f i r e s ,  t h e  s w i t c h  i s  

s a t u r a t e d  o r  c l o s e d  so t h a t  both d iodes  i n  t h e  AND c i r c u i t s  t h a t  were 

p r e v i o u s l y  back b i a s e d  become forward b i a s e d  and subsequen t ly  t h e  out- 

pu t  from t h e  b i n a r y  c i r c u i t  i s  not  g a t e d  o r  a l lowed t o  pass  t o  t h e  

r e s t  of t h e  system. As a r e s u l t ,  t h e  o u t p u t  v o l t a g e s  from t h e  power 

supp ly  a r e  reduced  t o  zero .  Under normal o p e r a t i n g  c o n d i t i o n s ,  t h e  

g a t i n g  c i r c u i t  p e r m i t s  a d r i v i n g  signal t o  be removed i n s t a n t a n e o u s l y  

from t h e  o u t p u t  t r a n s i s t o r s .  This t h e n  p reven t s  cabs ing  damage t o  t h e  

power swi t ches  of t h e  power supp ly .  

Power t o  t h e  low l e v e l  c i r c u i t r y  i s  provided by 

a one t r a n s i s t o r  s e r i e s  r e g u l a t o r  c i r c u i t ,  composed of 0705, CR701 and 

R701. This c i r c u i t  p rovides  a r e g u l a t e d  16 VDC. 

Telemetry o u t p u t s  from t h e  power supply  w i l l  

a l s o  be provided .  High vo l tage  c u r r e n t  i n fo rma t ion  w i l l  be  ob ta ined  

from t h e  o u t p u t  of the f i l t e r  network, C709 and L702. Low v o l t a g e  
\ 

P I  
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c u r r e n t  i n fo rma t ion  w i l l  be obta ined  from t h e  o u t p u t  of t h e  f i l t e r  n e t -  

work, composed o f  C710 and L703. 

from both c i r c u i t s .  

A z e r o  t o  5 VDC s i g n a l  w i l l  be provided  

The output v o l t a g e s  from t h e  power supp ly  w i l l  

be monitored by means of t h e  step-down t r a n s f o r m e r s  shown a c r o s e  t h e  

secondary windings  of t h e  output t r a n s f o r m e r s .  

be provided w i t h  t h e  proper  i n s u l a t i o n  t o  p reven t  v o l t a g e  breakdown 

between pr imary t o  secondary and pr imary t o  core .  

of  t h e  transformers w i l l  be r e c t i f i e d  and f i l t e r e d .  The moni tor ing  

c i r c u i t s  w i l l  f u r n i s h  0 t o  5 VDC o u t p u t s  t o  cor respond t o  t h e  0 t o  2000 

VDC arid 0 t o  600 VDC high vo l t age  o u t p u t s ,  r e s p e c t i v e l y .  

These t r a n s f o r m e r s  w i l l  

The secondary  c i r c u i t s  

2.2.9.6 C i r c u i t  Parameters  

Compoent Power Losses: T r a n s i s t o r s  

Trans formers  

Diodes 

F i l t e r  

Driver  

Ckt. Losses  

Component Weight: T r a n s i s t o r s  

Capac i tors  

Current  Transformers  

Induc to r s  

Bridge 

Out p u t  Trans formers  

Low Power C i r c u i t s  

Expected C i r c u i t  E f f i c i e n c y :  

8 2  

16.0 Watts 

31.0 

10.5 

2.0 

1.0 

4.0 - 
64.5 Watts 

280 gms. 

20 gms. 

264 gms. 

50 gms. 

150 gms. 

876 gms. I 

10 gms. - 
1650 gms.= 58 oz. = 3.63 l b s .  

819.0 Output  

6 4 . 5  Losses 

883.5  ' iJatts Inpilt 

-- - 819'0 92.7% 
883.5 
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2 . 3  Packaging 

The electronics'system is to be operated in the form of a 

breadboard in a vacuum tank, * Two things*ara required of the mechanical 

design: adequate cooling and ease of testing and servicing. To 
accomplish this, the package configuration is as shown in Fig. 23, 
It consists of an open  frsrn I o l d i n g  a x:ack of drawers and shelves. 

The shelves arc: "I-. 2 : 8  L ti., >:.E: t::a1. J ~ ?  k,' n ;low of liquid nitrogen 

through them. The sax faces  o f  t h e  s t c l b l e s  are coated with an acrylic 

enamel to improve their radiation absorptivity in the infrared region. 

The drawers consist of single thin plates mounted with quickly detachable 

fasteners t o  conventional slide mechanisms. Connectors are used on 
each drawer. The primary interconnecting cable harness is mounted to 

frame and the service loops are kept in order by cable retractors 

opposite each drawer. This permits a compact package; yet each drawer, 

which contains one or more space complete circuit modules, may be 

pulled out and serviced without disoonnecting it electrically, Packging 

densi ty  is such that the'system will function in air without the aid of 

LN;! coaling. 

. 
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FIG. 23 PACKAGE CONFIGURATION 
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3. SUMMARY 

3.1 System Block  Diagram 

The o v e r a l l  system i s  g r a p h i c a l l y  i l l u s t r a t e d  by t h e  f u n c t i o n a l  

b lock  diagram, F i g .  2 4 .  

r e q u i r e d ,  and t h e  time a t  which t h e  s w i t c h i n g  sequence takes p l a c e  f o r  

Included on t h i s .  drawing a r e  t h e  commands 

"I 
1 

I 

t h e  l a b o r a t o r y  endurance t e s t  c o n f i g u r a t i o n .  

3.2 %stem Parameters  - 
3.2.1 T e s t  S y s t e m  

The fo l lowing  c h a r t  i l l u s t r a t e s  w e i g h t s ,  losses, i n p u t ,  

o u t p u t  and e f f i c i e n c i e s  of t h e  i n d i v i d u a l  u n i t s  which comprise  t h e  power 

c o n d i t i o n i n g  and c o n t r o l  system f o r  t h e  l a b o r a t o r y  endurance test 

c o n f i g u r a t i o n .  

Uni t  

Low Voltage I n v e r t e r  

Reservoi r  Valve Heater  

Magnet Supply 

Arc/Cathode H t r .  Supply 

Vaporizer  Supply 

N e u t r a l i z e r  Supply 

High Voltage Supply 

7 

TOTALS : 

Weight 

2.44 

1.31 

0.297 

1.23 

.41 

.28  

3.63 

9.6 
- 

Input: 

201 

225Jr 

12.4 

157.0 

12.4 

1.44 

883,5 

1084.5 

' Losses 

17.8 

1 3 .  : '  

2.. 

19.0 

2.4 

.1 

64.5 

106.2 
_L 

S p e c i f i c  Weight = 9.6/1084.5 = 8.85 Ibs/kw 

Ttie t o t a l s  shown r e p r e s e n t  t h e  power 

o u t p u t  

L83,24* 
.? : (Y. 

I d  

138 

10 

1.34 

819 

978.34 

E f f i c i e n c y  

91.2 

95.1 

80.6 

88 

80.3 

94 

92.7 

90.2 

r e q u i r e d  by t h e  

engine  during normal o p e r a t i o n .  The i n d i v i d u a l  power f i g u r e s  marked 

w i t h  an a s t e r i s k  ( ; 'c)  a r e  n o t  included i n  t h e  t o t a l s ,  because t h e y  do not  

c o n t r i b u t e  t o  e n g i n e  output  during normal o p e r a t i o n .  

3.2.2 F l i g h t  System 

The f l i g h t  c o n f i g u r a t i o n  of t h e  power c o n d i t i o n i n g  and 
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c o n t r o l - s y s t e m  d i f f e r s  from t h e  above d e s c r i b e d  l a b o r a t o r y  t e s t  

c o n f i g u r a t i o n  i n  t h e  fo l lowing  ways: 

A. A n e u t r a l i z e r  f o r  each i n d i v i d u a l  engine  i s  n o t  r e q u i r e d  €or  

a m u l t i p l e  engine  concept .  

o b t a i n e d  from one n e u t r a l i z e r  f o r  s e v e r a l  engines .  

S u f f i c i e n t  n e u t r a l i z a t i o n  can be 

I n  t h i s  

a n a l y s i s  each n e u t r a l i z e r  i s  c o n s e r v a t i v e l y  a s s i g n e d  t o  t h r e e  

engines .  This  e l i m i n a t e s  0 . 2  l b s .  from t h e  t e s t  system &i&t 

and a loss  of 1 . 0  w a t t s .  

B. A r e s e r v o i r  h e a t e r  is  r e q u i r e d  f o r  a t e s t  system, t o  i n s u r e  

a l i q u i d  s t a t e  of t h e  cesium p r i o r  t o  engine t u r n  on. 

f l i g h t  system t h i s  w i l l  be achieved i n  o t h e r  manners, s i n c e  t h e  

In  t h e  

r e s e r v o i r  i s  surrounded by t h e  e l e c t r o n i c s ,  on ly  s l i g h t  compart- 

ment h e a t i n g  i s  r e q u i r e d  t o  m a i n t a i n  t h e  ces iw  a t  l i q u i d  

tempera ture .  Therefore ,  a r e s e r v o i r  h e a r e r  i s  not  r e q u i r e d .  

The v a l v e  h e a t e r  output  i s  t h e n  added t o  t h e   OW v o l t a g e  

i n v e r t e r  t ransformer .  This  r e s u l t s  i n  a weight r e d u c t i o n  of 

1.1 lbs .  

C. I n  t h e  t e s t  sqstem, t e l e - * e  * r ' z t y _ r t s  ~ L C  f u r n i s h e d  f o r  a l l  

e n g i n e  f u n c t i o n s .  The majc7- o f  c l i c ~ ~ ~  o u t p u t s  a r e  r e q u i r e d  

f o r  a n a l y s i s  a t  engine performance and f o r  d i a g n o s t i c  purposes 

i n  t h e  event  of a malfunct ion.  

p e r t i n e n t  in format ion ,  such a s  beam c u r r e n t ,  p l u s  h i g h  v o l t a g e ,  

For a f l i g h t  system only  

minus high v o l t a g e  and a r c  c u r r e n t  a r e  r e q u i r e d .  The e l imina-  

t i o n  of  a l l  telemetry f u n c t i o n s ,  except  t h o s e  r e q u i r e d  f o r  

t h e  f l i g h t  system, w i l l  r e s u l t  i n  a weight r e d u c t i o n  of 0.25 
- 

pounds minimum. 

Because of t h e  output  c h a r a c t e r i s t i c s  of t h e  s o l a r  p a n e l ,  D. 
c o n s i d e r a t i o n  must be g i v e n  t o  t h e  i n c l u s i o n  of an  energy 

s t o r a g e  system t o  provide t h e  t r a n s i e n t  energy r e q u i r e d  f o r  

t h e  swi tch ing  i n v e r t e r s .  

c a p a c i t a n c e  i n  an  L s e c t i o n  f i l t e r  i s  one method of provid ing  

A f i l t e r  c o n t a i n i n g  inductance  and 

t h i s  energy. The component weight o f  a f i l t e r  s e c t i o n ,  

6780- SR- 1 a7 
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c apab le  of  s t o r i n g  s u f f i c i e n t  energy i s  a maximum 1.8 lba, 
weight can  be modffied by d i v i d i n g  the l o a d s  in to  three-engine 
groups and s e p a r a t i n g  t h e  load  dewad of each engine systeat  in 
t h a t  group by 120° increments  over  t h e  e n t i r e  swi t ch ing  cycle. 

Then, t h e  a c t u a l  t r a n s i e n t  demand a t  any one time is one - th i rd  

t h e  t o t a l  t r a n s i e n t  power r e q u i r e d  by t h e  p ropu l s ion  system. 

A minimum r e d u c t i o n  of  0.8 lbs .  i n  f i l t e r  weight  c - 2  : e  rea;ized. 

The f i n a l  f i l t e r  weight for  each  power condi t ion :  .%.: &&-.I co3C1: :'A 

This 
1 

-P 

system i s  1.0 l b .  

P r i n t e d  c i r c u i t  boa rds ,  weighing 0.25 lbs., were inc luded  as 

p a r t  of t h e  low v o l t a g e  i n v e r t e r .  

p a r t  of packaging and not a s  e l e c t r o n i c  component weight.  

A f u r t h e r  des ign  i t e r a t i o n  of t h e  arc cathode heater power 

supply  has  r e s u l t e d  i n  a weight  r e d u c t i o n  of 0.15 lbs. i n  

magnetic elements.  

Fu r the r  des ign  i t e r a t i o n s  of a l l  magnetic components w i t h  

examinat ion of d e r a t i n g  f a c t o r s  employed, c o r e  a r e a s ,  copper 

a r e a s ,  l o s s e s  and r e l i a b i l i t y  w i l l  r e s u l t  i n  a d d i t i o n a l  weight  

advantages.  A minimum of 0.5 l b s ,  r e d u c t i o n  c a n  r easonab ly  

E. 
This  must be cons ide red  

F. 

G. 

be expected.  

The fo l lowing  c h a r t  i l l u s t r a t e s  the  weight', i npu t  power, 

l o s s e s ,  ou tpu t  power, e f f i c i e n c i e s  and weight advantage  of each  i n d i v i d u a l  

power supply which comprise t h e  f l i g h t  power c o n d i t i o n i n g  and c o n t r o l  

system: 

Uni t  Weight 

Low Voltage I n v e r t e r  2.19 

Rese rvo i r  Valve H t r .  0.21 

Magnet Supply 0.30 

- Arc/Cathode Supply 1,08 

Vapor izer  sdpp ly  .41 

N e u t r a l i z e r  .08 

- Input  

201 

56.85~ 

12.4 

157.4 

12.4 

.44 

Losses  

17.8 

2.8* 

2.4 

19.4 

2.4 

.03 -. 

Advan- 
Qutput E f f i c ,  t a g e  

183.24 91.2 . 2 5  

54* 95.1 1.10 

10.0 80.6 "-e 

138.0 87.6 0.15 

10 BO. 3 ...-- 
.41 94.0 0.20 
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Advan- 
Unit V-ceight Input Losses Outpur Wfic.  , tag? - 
High Voltage Supply. 4.63 885.5 66.5 819.0 92.5 -1.00 

8.90 1085.5 107.6 977.4 90 0.70 TOTALS: 

Telemetry Weight - .25 
: 'a Ecd c s ign - .50 

The :praoeeding statistics relating t o  weight refer t o  

electronic componenti only, 

a l l  specific weight for the  power conditioning and control system for a 

flight system is 15 lbs./kw at an efficiency of 90%. 

Assuming a packagilng factor of 50%, the over- 

- 
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